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A comprehensive review of the thermodynamic properties of the oxide compounds of
the lanthanide and actinide elements is presented. The available literature data for the solid,
liquid, and gaseous state have been analysed and recommended values are presented. In
case experimental data are missing, estimates have been made based on the trends in the
two series, which are extensively discussed. © 2014 Euratom. [http://dx.doi.org/10.1063/

1.4825256]
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1. Introduction

The thermodynamic properties of the 4f (lanthanides) and
5f (actinides) elements and their compounds have been
subject of many studies since the Second World War, strongly
stimulated by the demands of the nuclear technology. The
development of nuclear reactor fuels based on uranium,
thorium or plutonium and the understanding of the effects
of fission product accumulation in the fuel, a significant
fraction of which belongs to the lanthanide group, required
such fundamental data. At the same time, many studies of the
(thermodynamic) properties of the f-elements were stimu-
lated by the scientific interest in the role of the f-elements in
the chemical bonding, and particularly the differences
between the 4f and 5f series.

Pioneering work on the major actinides has been performed
during the Manhattan Project in the USA. The researchers in
this project started many systematic studies of uranium and
plutonium and its compounds, the results of which became
available in literature in the 1950s. At the meetings organised
in the frame of the Peaceful Uses of Atomic Energy initiative
and also at the early Symposia on Thermodynamics of Nuclear
Materials organised by the International Atomic Energy
Agency a rapid expansion of the knowledge of the thermo-
dynamic properties of the actinide elements and their com-
pounds was presented. During the same period, the separation
methods for the lanthanides, which are difficult due to their
chemical similarity, improved significantly to yield these
elements in sufficient pure form that was needed for accurate
thermochemical and thermophysical measurements.'~

In the 1960s and 1970s a wealth of scientific information on
the f-elements has been published, the lanthanides as well as
uranium and thorium being available in pure form to many
researchers, and the other actinides being produced in sig-
nificant quantities for studies at nuclear research laboratories.
As aresult, the understanding of the trends and systematics of
their properties has improved considerably, revealing the
differences between the localised 4f electrons in the lantha-
nides and the heavy actinides (Am-Lr) and the itinerant 5f
electrons of the light actinides (Th-Np).

In this work, we will present a comprehensive review of the
thermodynamic properties of the oxides of the lanthanides and
actinides, based on critical review of the available literature
according to procedures described in Secs. 2.1-2.5.

2. Approach

2.1. Thermal functions of condensed phases

The approach adopted in this review is based on a critical
evaluation of the thermal functions (heat capacity, entropy,
enthalpy increment) and enthalpies of formation of the lantha-
nide and actinide oxides using, when possible, the primary
experimental data as reported in literature. To describe these as
a function of temperature it is necessary to include the data on
the structural transformations (including melting point).
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The reported transition and melting temperatures have been
corrected to the International Temperature Scale ITS-90.
Though generally no detailed information is given about the
standards used and it is not specifically stated to which earlier
temperature scales the data refer, it is assumed that the results
between 1948 and 1968 refer to IPTS-48 and between 1969
and 1990 to IPTS-68. Especially in the transition years this
may not always be correct. The differences between ITS-90
and IPTS-68 and IPTS-68 and IPTS-48 are shown in Fig. 1.

The low-temperature heat capacity data and the resulting
entropies have not been corrected nor refitted. First, the
changes in the temperature scales in the range T = (0 to
300) K are small, and, second, refitting would only marginally
change the results. In case of more than one set of experimental
data covering the temperature range from close to 0 K to room
temperature, often a motivated choice for one of them is made,
based on sample purity and/or calorimetric accuracy. In other
cases a joint treatment has been made using overlapping
polynomial equations.

The high-temperature heat capacity of the solid phases has
been obtained by refitting of the experimental data reported.
The following polynomial equation for the enthalpy increment
{H°(T) — H°(298.15 K)} has been adopted

{H°(T) — H°(298.15 K)} = > A,(T/K)" (1)

with n = —1 to 2, but in case of anomalous behavior of the heat
capacity with n up to 4. This corresponds to a heat capacity
equation of the type

Co(T) = ao(T/K) >+ an(T/K)". (2)

A difficult question to be answered is that of the temperature
correction of high-temperature heat capacity and enthalpy
data. As can be seen in Fig. 1 the temperature corrections
become significant (>2 K) above 2000 K. For heat capacity
data, which are rare above this temperature, the correction is
straightforward, and has been made. However, for enthalpy
increment data the corrections are not trivial as they depend on
the type of device used and the condition of the sample. In case
of the device was calibrated with a known standard (for
example, sapphire) the temperature correction should also be
made for the standard, and hence not only the temperature but
also the enthalpy conversion factor is affected. Also in case of
encapsulated samples the temperature correction should lead
to an enthalpy correction, as the contribution of the encapsula-
tion material would change. Since the required details are

10

AT/K
93
B B
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Fic. 1. The temperature corrections according to various temperature scales.

generally lacking to make the corrections properly, the experi-
mental enthalpy data have not been corrected.

All literature data starting from 1945 have been collected
systematically. When no experimental data were given in the
papers, they have been extracted from digitalized graphs.

2.2. Enthalpies of formation of condensed phases

The derivation of the enthalpies of formation from calori-
metric data was done by recalculation of the thermochemical
reaction schemes (Hess cycles) using a consistent set of
auxiliary data, and has been partially reported in earlier work®
that was updated where necessary. For the solution calori-
metric studies the partial molar enthalpy of formation of an
acid solution (sln) at the concentration given, has been calcu-
lated from the enthalpy of formation of the infinitely dilute
acid,” the enthalpy of formation of the HX solutions’ and the
densities of the HX solutions at 298.15 K.° neglecting the
influence of the dissolved ions. Uncertainty limits of the
measurements, as listed in the tables or text, are always the
values given in the original paper, because in many cases they
could not be recalculated due to lack of information. As a
consequence they might refer to one standard deviation of the
mean, twice the standard deviation of the mean, or the 95%
confidence interval, which is not always clear. When combin-
ing data from different sources to a selected value, a weighted
mean is therefore considered not justified and the uncertainty
limit of the selected (mean) value has been estimated. Aux-
iliary data recommended by CODATA or values consistent
with the CODATA selection® have been employed.

2.3. Thermal functions of gases

Thermal functions of the diatomic molecules were calcu-
lated in the present work using the approach developed by
Gurvich er al.” The vibrational-rotational partition functions
were calculated by direct summation over vibrational levels
and by integration with respect to rotational levels. The upper
limit of integration was assumed linearly decreasing with
vibrational quantum number.

The electronic partition functions were calculated taking
into account all experimentally known and estimated data on
excited states. The value of Q;,, and its derivatives were

evaluated assuming that Qi?b?m, = (pi/ px)gﬁ’mt. This approach

is well justified in the case of the molecules under considera-
tion though the most of these molecules have numerous low-
lying states, which contribute considerably to the thermal
functions. The point is that these states as a rule belong to
the same electron configuration as the ground state. It is well
known that the states of the same configuration have close
values of vibrational and rotational constants. Therefore, the
tables of molecular constants present the vibrational and
rotational constants only for the ground state. The only excep-
tion is the YbO molecule for which the ground state config-
uration gives only one state, namely, the X 'S state, while the
low-lying states belong to the other configurations with quite
different molecular constants. The excited states are presented
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in the tables in two blocks for experimentally known and
estimated states with corresponding statistical weights. The
uncertainties in the energies of experimental states are usually
small, but for estimated states they can amount to 10%-20% of
the listed values.

For simplification of introducing a huge number of high-
energy excited electronic states for molecules under consid-
eration, containing f and d open shells, in the present work the
approach of the density of states estimation was applied. In this
approach, a group of high-energy states with close energies are
united in one state with fixed (mostly rounded) energy and
average statistical weight. This division into groups of states is
being done in a way that does not interfere with the accuracy of
the thermal functions calculation. Errors of the calculated
thermal functions depend mostly on the accuracy of the data
on molecular constants. At room temperature, the uncertain-
ties in heat capacity as a rule do not exceed 0.3-0.5 J K™
mol ™!, At higher temperatures, the uncertainties become
larger because of the increasing contribution of excited states
and errors of these estimations. In heat capacity the uncertain-
ties can reach 3—5 J K~ ' mol~! at 4000 K, or even larger for
molecules that entirely lack experimental data, such as PaO,
NpO, AmO, CmO, or PuO.

The thermal function of the polyatomic molecules were
calculated using the rigid-rotor harmonic oscillator appro-
ach,”® that includes general approximations for the transla-
tional, rotation and vibrational contributions, and a direct
summation of the electronic partition function.

The heat capacity values were approximated by two con-
jugated equations of the form:

(T/K) 2+ an(T/K)". (3)

The accuracy of the approximation is around 0.1 J K" mol ™"
over full temperature range from 298.15 to 4000 K.

The nomenclature used in the tables of molecular properties
of the gaseous species is summarized in Table 1. The funda-
mental constants as recommended by CODATA are used in
this work.

C,(T) =

2.4. Enthalpies of formation of gases

The aim of this review is to select the most reliable
enthalpies of formation for MO, MO,, and MO3; molecules

TaBLE 1. Nomenclature of the molecular properties for the di- and polyatomic
species

Symbol Name Symbol Name
T, Electronic energy level [ Symmetry number
P Degeneracy (of T,) INMR Product of moments
of inertia
®, Fundamental harmonic v; Fundamental
vibrational frequency vibrational frequency
WX, Anharmonicity correction
Be Rotational constant
o, Rotational-vibration
interaction constant
D, Centrifugal distortion

constant
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based on calculations with new thermal functions of these
molecules, and to take into consideration new experimental
data and quantum chemical calculations not included in pre-
vious assessments.

The recommended enthalpies of formation at the standard
temperature T = 298.15 K have been selected in this review
after critical analysis of all accessible published experimen-
tal data on high-temperature equilibriums for reactions in
the gas phase or in condensed and gas phases. The enthalpies
of reactions were calculated from the equilibrium constants
by the “second-law” and the “third-law” methods.”® By the
former, the enthalpy of reaction at the mean temperature of
experiments T,,.., is obtained from the temperature depen-
dence of equilibrium constant, K,,, measured in some tem-
perature interval:

AH(Tyean)  d(In K,)
R T d(1)T) 4)

The value T,.., is calculated using equation T4,
= (n'S2T71)7", where n is the number of experimental

points. The A,H°(T,.q,) value so obtained is reduced to the
reference temperature 298.15 K:

AH?(298.15K) = A H (Tyean) — A{AH Y. (5)

In the “third-law” method, A,H°(298.15 K) is obtained from
every experimental K, value

AH°(298.15K) = TA,¢ — RTInK,, (6)

using the free energy functions (or reduced Gibbs energies) ¢,
which is defined as

¢ = —{G°(T) — H°(298.15 K)} /T, (7)
— §°(T) — A2987£5 , (8)

for each reactant. The enthalpy of formation for the molecule
under study, A/H®(298.15 K) is calculated from the enthalpy of
a reaction using known enthalpies of formation for all other
reactants.

The uncertainties ascribed to selected AH®(298.15 K)
values reflect statistical errors, uncertainties in the thermal
functions, and uncertainties in enthalpies of formation for all
other reaction participants. Most experimental measure-
ments for equilibriums involving the considered molecules
were carried out by Knudsen effusion (KE) and mass
spectrometric methods (MS), or by combination of both.
In the case of MS measurements, the term RT In(1.5) was
added to reflect uncertainties of equilibrium constants cal-
culated from ion currents, due to uncertainties in ionization
cross sections. Agreement of the second- and third-law
values was regarded as an indication of reliability of experi-
mental data.
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2.5. Consistency and completeness

We have tried to maintain the internal consistency of the
recommended data as much as possible, but in view of the
complex interrelationships in some of the analysed systems
(e.g., Ce-O, U-O or Pu-O) and the fact that data from
other sources have been used this cannot be fully guaranteed.
The review has been performed progressively during a period
of several years. New information that became available
during and just after this period has been incorporated as far
as possible, but in some cases the implications of adopting new
(more accurate) values were too far-reaching to be implemen-
ted. These cases are clearly identified in the text.

3. The Lanthanide Oxides in Solid and
Liquid State

3.1. LayO5(cr,l)
3.1.1. Polymorphism and melting point

Lanthanum(III) oxide has a A-type hexagonal sesquiox-
ide structure (space group P3ml) at room temperature. It
transforms to a H-type hexagonal structure upon heating.
Foex and Traverse'® suggest that this transformation is a
simple displacement rearrangement of the lattice,'’ as in @ —
B quartz. Foex and Traverse,'’ Lopato e al.'' and Wehner
et al.'? all reported the A — H transition at T = 2313 K,
Shevthenko and Lopato13 atT=2303 K, and'* at (2319 +£5)
K. The H phase subsequently transforms into a cubic X-type
structure (space group Im3m) and the transformation tem-
peratures were reported as T =2383,2413,2363, and 2373 K,
(2383 £ 5) K, respectively. Except for the recent work by
Ushakov and Navrotsky,14 all other measurements must
be converted to ITS-90. The measurements of Foex and
Traverse'” must be corrected by +14 K, following the pro-
cedure outlined by Coutures and Rand.'” Lopato et al.,"
Wehner ef al.,'” and Shevthenko and Lopato'® reported no
(detailed) information on the calibration of their measure-
ments, but assuming the data refer to IPTS-68, a correction
of —1 K needs to be applied. We select T,,;, = (2313 +30) K
for the A — H transformation, T,,, = (2383 + 30) K for the
H — X transformation.

Various measurements of the melting temperature of solid
La,0O5 have been reported as summarized in Table 2, which
is based on the TUPAC review by Coutures and Rand;'’
the results being corrected to ITS-90. The recent value for
the melting by temperature by Ushakov and Navrotsky'*
is in excellent agreement with the selected values by Cou-
tures and Rand,15 and the latter is retained, Ty, = (2577
+ 15) K.

3.1.2. Heat capacity and entropy

Low-temperature heat capacity measurements for La,O3
have been reported by three different research groups:
Goldstein ef al.*® from 16 to 300 K, King ef al.*’ from 50 to
300 K, and Justice and Westrum, Jr.28 from 5 to 350 K. The
measurements reasonably agree to about T =200 K; above this

TaBLE 2. Temperature of melting of lanthanum sesquioxide (after Coutures and
Rand"®)

Ths/K
Authors Reported ITS-90
Wartenberg and Reusch'® 2588 2581
Lambertson and Gunzel'” 2483 + 20 2489 + 20
Sata and Kiyoura'® 2577 £ 2 2583 + 2
Foex'’ 2573 2587
Mordovin ef al.*° 2493 + 30 2496 + 30
Noguchi and Mizuno”' 2530 =+ 20 2532 + 20
Treswijatskii er al.*** 2583 =+ 20 2582 + 20
Coutures et al.” 2593 + 10 2592 + 10
Wehner e al.' 2563 + 30
Mizuno er al.** 2569 + 20 2555 + 20
Yoshimura ef al.”® 2573 +£5 2576 + 5
Shevthenko and Lopato'? 2583 2582
Ushakov and Navrotsky'* 2574 + 10
Selected value: 2577 £ 15

Also reported by Lopato er al.'’

temperature the differences significantly increase. The
selected standard entropy of La,05 has been derived from the
measurement by Justice and Westrum, Jr.,28 which is con-
sidered to be the most accurate

S°(298.15 K) = (127.32 4+ 0.84) JK ' mol .

The high-temperature enthalpy increment of La,O5(cr)
has been measured by Blomeke and Ziegler”™ from 380 to
1170 K, King et al.”” from 399 K to 1797 K, Yashvili ez al.*°
from 380 to 1650 K and Sedmidubsky et al.*' from 689 to
1291 K, which are in perfect agreement, as shown in Fig. 2.
The measurements smoothly join the low-temperature heat
capacity measurements by Justice and Westrum, Jr.*® Basili
et al.** measured the heat capacity of La,O3 from 400 to
850 K. Their results, only presented in graphical form,
reasonably agree with the enthalpy measurements to about
550 K. The heat capacity above 298.15 K for A-type La,03
can be represented by the equation (298.15 to 1800 K):

Cy(T)/IK "mol™" = 120.6805 + 13.42414 x 107*(T/K)
—14.13668 x 10°(T/K) 2

150
)
vy
Zl@ 125 f
T |,
A 100 [
Elc
oo
75 ! ! ! ! 1 ! ! ! ! 1 ! ! 1 ! ! ! !
0 500 1000 1500 2000
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FiG. 2. The reduced enthalpy increment (in J K~ 'mol™") of La,Os; o,
Blomeke and Ziegler”; 7, Yashvili er al®; A, King er al?; o,
Sedmidubsky er al’'; e, value derived from the low-temperature
measurements by Justice and Westrum, Jr;?® the curve shows the
recommended equation.
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derived from a fit of the combined enthalpy results of Blo-
meke and Ziegler,”’ King et al.*” and Yashvili e al.,*® which
are considered the most accurate. The boundary condition
C,(298.15) = 108.78 J K 'mol ' was applied, as derived
from the low-temperature heat capacity measurements.”®

Heat-capacity or enthalpy measurements have not been
reported for the H, X, and liquid phases of La,O3 and we
estimate

o _ _ 1 g1
CP(H,T) = CP(X,T) =150JK "mol ",
o(1: _ -1 —1

C,(lig, T) = 162 JK™ mol".

The transition enthalpies of La,O5 have been measured by
Ushakov and Navrotsky'* recently, using high temperature
thermal analysis

AsH°(A — H) = (23 +£5) kImol |
AysH°(H — X) = (17 £5) kJmol !,
AgsH® = (78 £ 10) kI mol '

These values have been selected here. They are only partially
corresponding to the observation by Foex and Traverse'® who
noted a moderate thermal effect for the A — H transformation
by DTA (differential thermal analysis), and a significant one for
the H — X. Wu and Pelton®® concluded from the fact that the
liquidus at the La,O3 side of the phase La,03;—Al,O3 phase
diagram does not show clear discontinuities, that the entropy
changes of the A — H and H — X transformations are very
small. They also concluded that the limiting slope of the liquid
line in this phase diagram suggests an entropy of fusion

KONINGS ET AL.

of 25.1 J K 'mol™!, in fair agreement with the value found
by Ushakov and Navrotsky,'* 30.3 J K~' mol .

3.1.3. Enthalpy of formation

The enthalpy of formation of La,O5 has been assessed by
Cordfunke and Konings>* recently, and we accept the selected
value from that work, since no new information has been
published since

A¢H®(Lay 03, cr, 298.15 K) = —(1791.6 =+ 2.0) kIimol .

All values relevant to the derivation of the standard enthalpy
of formation of lanthanum sesquioxide are summarized in
Table 3. Huber, Jr. and Holley, Jr.*> determined the enthalpy
of formation by combustion of a very pure sample of metal.
This value has been confirmed by several authors using
solution calorimetry.’®>® However, the values for the
enthalpy of solution of La(cr) differ significantly.’’ =" As
discussed by Cordfunke and Konings,** the results of Merli
et al.* can be considered as the most accurate since they made
their measurements on a well-defined sample. Therefore, the
results of the other studies were recalculated using the values
from this study, some obtained by inter- or extrapolation. The
resulting enthalpies of formation are in excellent agreement
with the combustion value and the selected value is the mean of
the combustion value by Huber, Jr. and Holley, Jr.,>> and the
recalculated values obtained from and the enthalpy of solution
measurements Montgomery and Hubert,*® Fitzgibbon ez al.,”’
and Gvelesiani and Yashvili.*®

TasLE 3. The enthalpy of formation of La,Os(cr) at 298.15 K; AHY is the enthalpy of solution of La(cr), AH5 of La,Os(cr) in HCl(aq), respectively (after Cordfunke

and Konings®*)

Authors Method® AHS/kJ mol ™! AHS/kJ mol ™! ArHO/KI mol ™!
Muthmann and Weis*’ C —1857.7
Matignon®*! S —1789.0
Kremers and Stevens*? C —1912.1
Moose and Parr*? C —1907.1
Beck™ S —439.3
Roth et al.® C —2255 £ 17
Huber, Jr. and Holley, Jr.* C —1793.1 £ 0.8
von Wartenberg*® S (0.1) —468.6 + 6.3
Montgomery and Hubert*® S (0.51) [—704.1 + 1.2]° —4744 + 1.6 —17913 £ 25
Fitzgibbon et al.”’ S (1.0) —705.5 £ 1.3 —474.4 £ 0.4 —17942 + 2.7
[-704.4 £ 1.2] —1792.0 + 2.7
S(1.0) —705.6 £ 1.3 —473.8 £ 0.4 —1794.8 £ 2.7
[-704.4 £ 1.2] —1792.5 + 2.7
Gvelesiani and Yashvili*® S (1.0) —708.0 £ 2.0 —4753 £33 —17982 + 52
[-704.4 £ 1.2] —1791.0 + 4.1
S (1.5) —708.8 £2.9 —4753 £ 1.8 —1799.9 + 6.1
[-704.7 £ 1.2° —1791.7 + 3.0
Oppermann et al.*’ S (4.0) [-706.2 £ 1.1° —472.6 £0.3 —17982 + 2.4
Selected value: —1791.6 £ 2.0

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in mol dm™.

°Estimated/interpolated from the results of Merli e al.>®

“Merli et al.*®
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3.2. CeOy(cr,l)
3.2.1. Melting point

Cerium dioxide has a cubic fluorite structure (space group
Fm3m) up to the melting point. The reported values for the
temperature of melting are very dissimilar (Table 4), which
is due to the fact that this compound starts to lose oxy-
gen at elevated temperatures to form a substiochiometric
CeO,_, phase. The melting point for CeO, strongly depends
on the atmosphere under which the liquid phase is produced.*®
For example, Mordovin er al.?® detected the liquid phase
already at 2670 K, when heating ceria in an argon atmosphere.
On the other hand many other authors'%**~! observed higher
values of the melting point while heating CeO, under a
strongly oxidising atmosphere (pure pressurised O,, air, or
amixture of oxygen and an inert gas at high pressure): between
2753 and 3073 K. Also Manara et al. ,52 in arecent unpublished
investigation of the melting behavior of CeO,, performed
measurements both under oxidising and reducing atmo-
spheres, obtaining 2743 and 2675 K, respectively. In this last
study, however, heating under high oxygen pressures could not
be realised. Since the highest values are the most likely
to correspond to quasistoichiometric CeO,, we select T, =
(3083 & 50) K as the best melting point for stoichiometric
cerium dioxide, the uncertainty being assigned by us. This is in
line with the the suggestion of Du ef al.>? that the melting point
of CeO, must be between those of the group IVB dioxides and
the actinide dioxides.

3.2.2. Heat capacity and entropy

The low-temperature heat capacity of CeO, has been mea-
sured by Westrum, Jr. and Beale, Jr.% from 5 to 300 K. The
entropy, as derived from these measurements, is adopted here
as

$°(298.15K) = (62.29 +0.07) JK ' mol .

High-temperature enthalpy increments have been reported
by Kuznetsov ef al.’’ in the temperature range from 608 to
1172 K, King et al.*’ from 400 to 1800 K (only smoothed
values are given in the paper), Pears er al.”® from 640 to 2044
K, Mezaki et al.>® from 490 to 1140 K, and Yashvili et al.*’

TaBLE 4. Temperature of melting of cerium dioxide

T/K
Authors Reported ITS-90
Ruff>* 2246
von Wartenberg and Gurr’” 2873
Trombe™ 3073 3077
Tshieryepanov and 3083 3087
Trjesvyatsky**®
Foex and Traverse'® 2753 2768
Mordovin et al.”® 2670 =+ 30 2673 + 30
Watson®' 2873 2872
Selected value: 3083 + 50

Paper not available to us, cited from Noguchi and Mizuno.*'

bPaper not available to us, cited from Du et al>?
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Fic. 3. The reduced enthalpy increment (in J K "mol™") of CeO,; o,
Kuznetsov et al.57; [, King et al.27; /\, Mezaki et al.sg; W/, Yashvili
et al®; 0, Pears et al’®; e, value derived from the low-temperature

measurements by Westrum, Jr. and Beale, Jr;°° the curve shows the

recommended equation.

from 391 to 1624 K. These data are in reasonable agreement, as
shown in Fig. 3.

High-temperature heat capacities have been measured by
Riess er al® by adiabatic scanning calorimetry (350
—900 K). The results, presented as an equation only, are in
excellent agreement with the values derived from the
enthalpy increment measurements. Gallagher and Dwor-
zak®® determined the heat capacity between 418 and
758 K by DSC (differential scanning calorimetry). These
data are, however, much too low to join the low-temperature
data by Westrum, Jr. and Beale, Jr.58

The enthalpy data have been combined, and constrained
C;(298.15 K)=61.631] K~ mol~'from the low temperature

data,’® resulting in the following heat capacity equation:

Cy/(JK ' mol™") = 74.4814 + 5.83682 x 107*(T/K)
—1.29710 x 10°(T/K) 2.

This equation is extrapolated to the melting point, which
might neglect possible anomalous increase in the heat
capacity as observed in other fcc dioxides of f-elements
such as ThO, and UO,. The heat capacity of the liquid has
been estimated as

C;(Ce0y,lig, T) = 120 JK~" mol .

The entropy of fusion is assumed to be the same as
that of the isostructural UO, phase (22.4J K" mol™!), which
is the only fcc dioxide for which this quantity is well defined.
We thus obtain for the enthalpy of fusion

Az sH?(Ce0,) = (69 £ 5) kJmol .

3.2.3. Enthalpy of formation

The standard molar enthalpy of formation of CeO,(cr)
has been determined by Huber, Jr. and Holley, Jr.>> by
oxygen-bomb combustion calorimetry using a well-analyzed
sample of cerium metal, giving A,H°(298.15 K) = —(1088.6
+1.4)kJ mol~!. This value, which was carefully corrected
for impurities, is in excellent agreement with the result by
Baker er al.®® of a later oxygen-bomb combustion calori-
metric investigation carried out in the same laboratory,
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ArH°(298.15 K) = —(1090.4 + 0.8) kJ mol !, We have
selected the latter value because it is based on a cerium
metal sample of significantly higher purity

AfH®(CeO,, cr, 298.15K) = —(1090.4 = 1.0) kI mol "

The results of early investigations*>**** are mainly of his-

torical interest due to a poor quality of materials and experi-
mental techniques available at that time.

3.3. C9203(Cr,|)
3.3.1. Polymorphism and melting point

At room temperature, cerium sesquioxide has a hexa-
gonal A-type structure (space group P3m1). Pankratz and
Kelly®® observed a transition at 1050 K from the A-type
sesquioxide to a high-temperature modification but it
should be noted that their sample had the hyperstoichio-
metric composition (Ce,0533). This transition has not
been reported by other investigators, and does not fit into
the general structure diagram on the lanthanide sesqui-
oxides (Fig. 4). We therefore attribute it to this specific
composition and not to the sesquioxide phase, and accord-
ing to the phase diagram of the Ce-O system it could
represent the phase boundary of the {Ce,03;+CeqO;g}
two-phase field.

Lopato et al."' and Shevthenko and Lopato' reported that A-
type Ce,O5 transforms to a hexagonal H-type structure at 2393 K.
They also found that the H-type phase transforms to a cubic X-
type structure at 2407 K. No information on the calibration of
these measurements has been found, but assuming the data refer
to IPTS-68, a correction of —1 K needs to be applied for ITS-90.
Weselect T,,, = (2392 + 30) K for the A — H transformation, T,
= (2406 =+ 30) K for the H — X transformation.

The various data for the melting temperature have been
summarized in Table 5, which is based on the IUPAC review
by Coutures and Rand;'” the results being corrected to ITS-90.
The selected melting point is (2512 + 50) K.
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Fi. 4. The polymorphism in the Ln,O5 series as a function of temperature.
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TaBLE 5. Temperature of melting of cerium sesquioxide (after Coutures and
Rand")

Tfus/K
Authors Reported ITS-90
Sata and Kiyoura'® 2483 + 10 2489 + 2
Mordovin et al.*° 2415 + 30 2429 + 30
Treswijatskii er al.”? 2513 + 20 2512 + 20
Shevthenko and Lopato'? 2513 2512
Selected value: 2512 £ 15

3.3.2. Heat capacity and entropy

Low-temperature heat capacity measurements on cerium
sesquioxide have been reported by Weller and King® in the
range from 53 to —296 K, Justice and Westrum, 1. in the
range from 5 to 345 K, and Huntelaar et al.®® from 5 to 400 K.
The data by Weller and King cover a smaller temperature
range and, moreover, were obtained using a sample with
composition Ce,0333. The sample of Justice and Westrum,
% was reported to refer to the composition (Ce,Os3 o)
but this was later doubted by the authors®® who suggested
that the true composition was likely Ce,O; 33 also. For that
reason the data by Huntelaar er al.®® are preferred. Hence, the
standard entropy, as derived by the latter authors, has been
adopted here as

$°(298.15 K) = (148.1 £0.4) JK ' mol '

High-temperature enthalpy increment measurements have
been reported by Pankratz and Kelly®® from 398 to 1501 K,
Kuznetsov et al.”® from 578 to 1116 K and Huntelaar er al.®®
from 473 to 883 K. The data of Pankratz and Kelly()5 refer to
the nonstoichiometric composition (Ce,Oj333). The authors
corrected them for the presence of CeO,, but in view of the
unexplained phase transition observed in the results (see
above), the correctness of this approach may be doubted. The
results of Kuznetsov er al.’’ and Huntelaar er al.°® are in
reasonable agreement and fit the low-temperature data. How-
ever, the former results also indicate an anomalous increase
near 1000 K, which might indicate that their sample had not the
stoichiometric composition and that the agreement is fortui-
tous. For that reason our selected heat capacity equation is
based on the results of Huntelaar er al.°® only, which was
constrained to C;(298.15) = 115.0, as derived from the low-

temperature heat capacity measurements by the same authors,

Cy/(JK 'mol™") = 113.736 + 28.4344 x 107*(T/K)
—0.641205 x 10°(T/K) 2.

Basili er al.**> determined the heat capacity of Ce,Os
between 440 and 1100 K by means of a plane temperature
waves method. Venkata Krishnan and Nagarajan’' measured
the heat capacity from 280 to 820 K by DSC. Their data, read
from a graph, are in reasonable agreement with the heat
capacity derived from the enthalpy increments.

The enthalpies of transition between the high-temperature
modifications have been estimated, in absence of experimental
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data. For the (A — H) we have assumed that the entropy of
transition varies regularly between the known values for
La,O5; and Gd,0O5. For the (H — X) and (X — liquid)
transitions we have assumed the entropies to be the same as
for La,05:

A,sH°(A — H) = (28 £8) kImol !,
A H°(H — X) = (19 £ 5) kJmol !,
A H® = (85 4 10) kJmol .

For the heat capacity of the high temperature phases we
estimate

o __ (o _ —1 —1
Co(H,T) = C;(X,T) = 145 JK ' mol ',
C;(lig, T) = 157 JK 'mol L.

3.3.3. Enthalpy of formation

Several combustion calorimetric studies have been reported
for the reaction

1
Ce,0s(cr) + EOz(g) = 2CeOy(cr).

The results for the enthalpy of reaction are discordant, as
summarized in Table 6. As suggested by Cordfunke and
Konings,34 this variation may be due to (i) differences in the
O/M ratio of the starting material Ce,O5(cr), (ii) impurities in
Ce,03(cr) resulting from the fabrication by reduction of the
dioxide (e.g., residual carbon has a big impact on the combus-
tion values), and (iii) differences in the final state of the
reaction product CeO, that is known to have a large range of
substoichiometric compositions.

Huntelaar ef al.°® measured the enthalpy of solution of a
well-defined sample of Ce,O3(cr) in 0.25 mol dm 3 HCl(aq)
from which the enthalpy of formation is derived as A;H°
(298.15 K) = —(1813.1 + 0.8) kJ mol'. Putnam er al.”*
measured the enthalpy of formation by high-temperature

oxide-melt solution calorimetry. Recalculating their mea-
surements with the selected value for the enthalpy of for-
mation of CeO,, gives AH(298.15 K) = —(1809.2 &£ 5.2)
kJ mol'. As noted by Morss and Konings’® these results
give an anomalous value for the hypothetical solution
enthalpy of the reaction,

3
LnO; 5+ 3H" (aq) = Ln’"(aq) + EH20(1),

compared to the other lanthanide sesquioxides. For that
reason we select the enthalpy of formation from the combus-
tion study by Baker and Holley, Jr.”” that was performed with
CeO; 5., samples that were carefully analysed and were
extrapolated to CeOy s0¢:

AfH®(Ce, 03, cr, 298.15 K) = —(1799.8 + 1.8) kImol .

This value is different from the one selected by Cordfunke
and Konings.**

3.4. PrOy(cr,l)
3.4.1. Structure

PrO, has a face-centered cubic structure (space group
Fm3m). Hyde e al.”’ showed that PrO, is stable up to 587
K and Ushakov and Navtrosky’® up to 663 K in oxygen gas.
Above this temperature it decomposes to PrgOy;.

3.4.2. Heat capacity and entropy

The heat capacity of PrO, has been measured by Gardiner
etal.” from 2.4 1023 K, showing a lambda anomaly due to the
antiferromagnetic ordering at ~13.5 K. No measurements of
the heat capacity of PrO, in a wider temperature range have
been made from which the standard entropy could be derived.
For that reason the standard entropy has been estimated from
the systematics in the lanthanide and actinide oxides as

S°(298.15K) = (80.8 +2.0) JK ' mol .

TaBLE 6. The enthalpy of formation of Ce,Os(cr) at 298.15 K; AH{ and AH3 are the enthalpies of solution of Ce(cr)
and Ce,05(cr) in HCl(aq), respectively (after Cordfunke and Konings34)

Authors Method* AHS/kJ mol™! AH3/kJ mol™! A/H/K] mol™!
Kuznetsov et al.”’ C —1823.4 + 1.8°
Mah”? C —1790.2 + 1.5
Baker and Holley, Jr.”? C —1799.8 + 1.8¢
Huntelaar ez al.®® S (0.25) [—699.2 + 0.2]° —4427 + 0.6 —1813.1 £ 0.8

—18132 £ 3.2°
Putnam et al.”* H —1809.2 +£5.2
Selected value: —1813.0 £ 2.0

4C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in
mol dm%; H = high temperature oxide melt solution calorimetry.
For the enthalpy of the reaction Ce,O3(cr) + % 0,(g) = 2Ce0O,(cr) the following value was used: —357.4 + 1.1 kJ

mol "

Cidem, —390.6 + 0.4 kJ mol .
didem, —381.0 £ 0.7 kJ mol .
°Spedding and Miller.”

nycle based on CeCl;.
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In a similar manner the high temperature heat capacity for the
temperature range from 298.15 to 600 K was estimated as

Cp/(JK "mol™") = 72.981 + 16.628 x 107*(T/K)
—0.9990 x 10°(T/K) >

3.4.3. Enthalpy of formation

The enthalpy of formation of PrO, was determined by
Eyring e al.® and Gramsch and Morss®' using solution
calorimetry in nitric acid. Recalculation of the results yields
—(949.3 £ 4.3) kJ mol™' and —(959.1 £ 2.3) kJ mol ',
respectively, being significantly different, entirely due to
differences in the solution enthalpies. The selected enthalpy
of formation is derived from the work by Gramsch and
Morss,®! as it is based on an excellently characterised sample

AfH(PrO,, cr, 298.15 K) = —(959.1 +2.3) kImol .

Ushakov and Navtrosky’® measured the enthalpy of the
reaction |
1
PrO, = gPr6011(cr) + EOz(g)

by DSC obtaining A,H°(298.15 K) = (10 £ 2) kJ mol ! at
663 K. Using the enthalpies of formation of PrO, and PrO g33
selected in this work, we calculate A,H°(298.15 K) = (9.6
+ 5.8) kI mol ™!, in excellent agreement.

3.5. Pr01_833(cr,|)
3.5.1. Melting point

PrO; g33 (also designated as PrgOq;) has a triclinic crystal
structure (space group P1). Pankratz®* found a phase transi-
tion around 760 K. However, it can be concluded from the
PrO, s—PrO, phase diagram proposed by Turcotte e al.™ that
the upper limit of stability of PrO, g33 is about 750 K; above
this temperature the PrO,_, phase is stable in equilibrium
with O5(g).

Mordovin et al.” reported the melting point of PrO; g33 as
T = (2315 £ 30) K in Ar atmosphere, but mentioned that

20
L
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substantial dissociation of the sample occurred. The relevance
of this measurement must thus be doubted.

3.5.2. Heat capacity and entropy

The low-temperature heat capacity of PrO; g33 has not been
measured. The selected standard entropy is interpolated
between PrO,(cr) and PrO; s:

$°(298.15K) = (79.24+2.0) JK~ ' mol ™!

The high-temperature enthalpy increment of PrO; g33 was
measured by Pankratz®* from 398 to 1052 K and by Blo-
meke and Ziegler’® from 383 to 1172 K. The data are in
good agreement at low temperatures, but the difference
increases steadily up to 1033 K where Pankratz®* observed
a phase transformation, whereas Blomeke and Ziegler*® did
not. As discussed above this phase transformation is very
likely the peritectic decomposition. Since the sample of
Blomeke and Ziegler”® was heated in a capsule above this
temperature before the measurement, (partial) decomposi-
tion probably has occurred, and their results might refer to
the PrO,_, phase. For that reason the data of Pankratz®?
below 760 K have been fitted to a polynomial equation,
yielding for the heat capacity:

Cy/(JK"mol™") = 68.4932 4 15.9207 x 107*(T/K)
—0.80968 x 10°(T/K) 2.

3.5.3. Enthalpy of formation

The enthalpy of formation of PrO; g33 was measured by
Stubblefield er al.** by solution calorimetry and by Fitzgibbon
et al.*® using both solution and combustion calorimetry. The
recalculated values are summarized in Table 7, based on a Hess
cycle with Pr,O3. The results are in reasonable agreement and
we select

AfH (PrO, g33, cr, 298.15 K) = —(944.6 +2.5) kimol .

TaBLE 7. The enthalpy of formation of PrO; s33 and Pr,Os(cr) at 298.15 K; AH{ and AHj are the enthalpies of solution of Pr(cr) and PrO; g33(cr) in HNO3(aq), Pr(cr)
and Pr,O5(cr) in HCl(aq) or HNO;(aq), respectively (after Cordfunke and Konings®*)

Authors Method* AHS/KJ mol ! AH;/k] mol ! AHO/KI mol ™!
PrO g33
Stubblefield et al.®* S (6.0) —183.3 + 0.4 —943.5 + 2.1
Fitzgibbon et al.® S (6.0) —179.6 + 2.0 —947.0 + 2.3
S (6.0) —179.9 + 2.0 —947.0 + 3.2
c —9432 4+ 0.8
Selected value: —944.6 + 2.5
Pr,03
Stubblefield et al.®* S (6.0)° [—1020.9 + 3.4]° —447.7 + 0.8 —1831.6 +£3.5
Fitzgibbon er al.® S (2.0 —692.2 4+ 1.3 —432.04+ 1.4 —1809.9 + 3.0
Selected value: —1809.9 + 3.0

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in mol dm™

"The enthalpy of solution in HNO3(aq).
“The enthalpy of solution of Pr in 6.0 mol dm > HNOs(aq) is from Ref. 86.
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TasLE 8. The enthalpy of formation of phases in the PrO,-PrO; 5 system

TaBLE 9. Temperature of melting of praseodymium sesquioxide

Compound A/H°(298.15 K)/kJ mol ! Authors

PrO, 703 —(926.3 +2.2) Stubblefield et al.®*
PrO; 717 —(928.4 + 2.6) Fitzgibbon et al.®
PrO; 504 —(938.9 + 2.0) Fitzgibbon et al.®

The enthalpies of formation of several other PrO,_, compo-
sitions were measured by Stubblefield ef al.** and Fitzgibbon
et al.®® by solution calorimetry, the recalculated results are
given in Table 8. These values show a regular trend between
PrO, 5 and PrO,, as shown in Fig. 5.

3.6. Pry0O5(cr,l)
3.6.1. Polymorphism and melting point

At room temperature praseodymium sesquioxide has the
rare earth hexagonal A-type structure (space group P3m1l).

Lopato et al.'' reported that A-type Pr,O5 transforms to a
hexagonal H-type structure at T = 2318 K, and Shevthenko
and Lopato'? at T = 2303 K. They also found that the H-type
phase transforms to a cubic X-type structure at T = 2393 K''
and T = 2403 K."* No information on the calibration of these
measurements has been found, but assuming the data refer to
IPTS-68, a correction of —1 K needs to be applied for I'TS-90.
The results by Kravchonskaya er al.®’ are in agreement, but
these authors only presented them in graphical form (A — H at
about 2314 K and H — X at about 2417 K, as extracted
from digitized graphs). We select T,,, = (2310 &£ 30) K for the
A — H transformation, T,., = (2397 + 30) K for the H —» X
transformation.

The measurements of the melting temperature of Pr,O3
have been summarized in Table 9, which is based on the
TUPAC review by Coutures and Rand;15 the results being
corrected to ITS-90. The selected melting point is (2583 +
25) K.

3.6.2. Heat capacity and entropy

The low-temperature heat capacity of A-Pr,O; has been
measured by Lyutsareva et al., unpublished results as cited by
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Fic. 5. The enthalpy of formation of compositions in the PrO,-PrO; 5 ([]) and
TbO,-TbO; 5 ([J) systems.

T,./K
Authors Reported ITS-90
Foex"? 2668 2582
Mordovin ef al.*° 2390 + 30 2493 + 30
Treswjatskii et al.” 2533 + 20 2532 + 20
Coutures et al.” 2585 + 10 2584 + 10
Kravchonskaya er al.®’ 2573

Mizuno ef al.** 2549 + 20 2535 + 20
Shevthenko and LopatoI3 2553 2552
Selected value: 2583 +£ 25

“Derived digitally from the graph for the HfO,-Pr,O5 diagram.

Gruber et al.®® Their results are somewhat high near room
temperature, and were smoothed together with the high-tem-
perature data by Gruber et al.%® giving no weight to the results
above 185 K. The derived standard entropy at T = 298.15 K is
selected here

$°(298.15K) = (152.7+0.3) JK ' mol .

The high-temperature enthalpy increment of A-Pr,O; has
been measured by Pankratz®* and Kuznetsov and Rezukhina.®®
The former study covers the temperature range from 298.15 to
1800 K. The latter the temperature range from 293 to 1200 K
and have only been reported in the form of an equation. Our
recommended heat capacity equation is solely based on the
results of Pankratz,® constrained to C;(298.15 K) = 118.15

J K~"mol ™" from the low-temperature measurements:

Cy/(JK "mol™") = 121.6594 + 25.5611 x 107*(T/K)
—0.98942 x 10°(T/K) 2.

This equation is extrapolated to the transition temperature. No
heat-capacity or enthalpy measurements have been reported
for the H, X, and liquid phases of Pr,O3. The properties of these
modifications have been estimated in a similar way as for
La,05 and Ce,03. We thus obtain for the transition enthalpies
A,sH°(A — H) = (28 + 8) kJmol ',
A H°(H — X) = (194 5) kJ mol !,
ApsH® = (88 £ 10) kI mol .
For the heat capacity of the high temperature modifications
of Pr,O5; we estimate
o _ (o _ -1 -1
C,(H,T) =C,(X,T) = 145JK~ " mol ",
Cy(lig, T) = 157 JK~' mol .

3.6.3. Enthalpy of formation

The enthalpy of formation of Pr,O; has been assessed by
Cordfunke and Konings™ recently, and we accept the selected
value from that work, since no new information has been
published since

AH®(Pr,03, cr, 298.15 K) = —(1809.9 + 3.0) ki mol .
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This value is based on the solution calorimetric study by
Fitzgibbon er al.,*> who measured the enthalpy of solution of
both Pr(cr) and Pr,Os(cr) in 2.0 mol dm3 HCl(aq) (see
Table 7). Stubblefield er al.** determined the enthalpy of
reaction of Pr,Os(cr) with 6.0 mol dm > HNO;(aq), but this
approach is considered less reliable since some of the hydro-
gen that is produced during dissolution of the metal, might
reduce the nitric acid.

3.7. Nd,O5(cr,l)
3.7.1. Polymorphism and melting point

Nd,Os3 has a peculiar place in the lanthanide sequioxide
series. It commonly has a A-type hexagonal sesquioxide
structure (space group P3m1) at room temperature, but also
the C-type structure occurs at room temperature. Systematic
studies® suggest that the C-form is the thermodynamically
stable modification from room temperature to about T = 873—
923 K. Impurities may affect this phase stability, but it is now
generally accepted that the boundary between the A and C rare
earth structures occurs near or at Nd,Oj5 (see Fig. 4). However,
as most of the thermodynamic measurements reported in
literature have been made for the A-type phase, our recom-
mended values refer to this phase.

Pankratz et al.’® found a small thermal anomaly at ~1345 K
by drop calorimetry whose origin is unknown (see below).

At high temperatures Nd,O3 exhibits the common complex
polymorphism of the light rare earth oxides. The phase transi-
tion to a H-type hexagonal structure (space group P63/mmc) is
observed at T =2375K (Refs. 10,11 and91)and T =2333 K."?
This phase subsequently transforms to a cubic structure (space
group Im3m) at T = 2473 K.'%!'""*! These measurements must
all be converted to ITS-90. The measurements of Foex and
Traverse'” must be corrected by +14 K, following the proce-
dure outlined by Coutures and Rand."” Lopato eral.,'' Wehner
et al.,"* and Shevthenko and Lopato'? reported no (detailed)
information on the calibration of their measurements, but
assuming the data refer to IPTS-68, a correction of —1 K
needs to be applied. We select T,,; = (2379 + 30) K for the
A — H transformation, T,., = (2477 4+ 30) K for the H — X
transformation.

The measurements of the melting temperature of Nd,O5
have been summarized in Table 10, which is based on the
IUPAC review by Coutures and Rand.'” The selected melting
point is (2577 £ 15) K.

3.7.2. Heat capacity and entropy

The low-temperature heat capacity of A-type Nd,Os has
been measured by Goldstein et al.”® from 16 to 300 K, and by
Justice and Westrum Jr.?® from 5 to 350 K. Above 100 K both
data sets agree within 0.5%, below 100 K the deviations
significantly increase. The recommended standard entropy of
Nd,03 is derived from the low-temperature heat capacity data
of Justice and Westrum Jr.?® who obtained S°(298.15 K) — S°
(5K) = 146.65JK ' mol . Justice and Westrum estimated S
°(5K) — S°(0 K) = 11.80 J K" mol ', accounting for the 2R
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TaBLE 10. Temperature of melting of neodymium sesquioxide (after Coutures
and Rand'®)

T,./K
Authors Reported ITS-90
Lambertson and Gunzel'” 2545 + 20 2551 + 20
Foex'’ 2583 2598
Mordovin et al.*° 2486 + 30 2489 + 30
Noguchi and Mizuno”' 2506 + 20 2510 + 20
Gibby ez al.” 2573 + 25 2572 + 25
Treswjatskii et al.” 2593 + 20 2592 =+ 20
Coutures et al.” 2598 + 10 2597 + 10
Bober ef al.”? 2540 =+ 40 2539 + 40
Mizuno ef al.** 2563 + 20 2550 + 20
Shevthenko and Lopato'? 2573 2572
Coutures”™ 2613 + 10 2612 + 10
Salikhov and Kan” 2564 + 10
Selected value: 2577 £ 15

In (2) contribution of the ground state doublet of the 419/2
multiplet, resulting in

$°(298.15 K) = (158.7 4+ 1.0) JK~" mol .

The high-temperature enthalpy increment has been mea-
sured by Blomeke and Ziegler*® from 384 to 1172 K and
Pankratz et al.” from 400 to 1795 K. The data of the two
studies are in excellent agreement and smoothly join the low-
temperature data (Fig. 6). Pankratz et al.”® observed a minor
thermal anomaly near 1395 K. We think this is an experimental
artefact, as high temperature X-ray diffraction studies'*® do
not reveal any evidence for such a transformation. Our recom-
mended heat capacity equation is based on a polynomial
fit of the results of both studies. The equation is constrained
toC, =111.34]J K ' mol ™" from the low-temperature mea-

surements.”® We thus obtain

Cy/(JK ' mol™") = 117.1079 + 28.13655 x 107°(T/K)
— 1.25845 x 10°(T/K) 2.

This equation is extrapolated to the transition temperature. No
heat-capacity or enthalpy measurements have been reported
for the H, X, and liquid phases of Nd,O3. The properties of
these modifications have been estimated in a similar way as for
La,05 and La,05. We thus obtain for the transition enthalpies
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Fic. 6. The reduced enthalpy increment (in J K! mol’l) of Nd,O3; o,
Blomeke and Zieglerzg; [, King et al.27; e, value derived from the low-
temperature measurements by Justice and Westrum, Jr. ;28 the curve shows the
recommended equation.
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AsH°(A — H) = (29 £ 8) kJmol !,
AysH°(H — X) = (20 £ 5) kJmol !,
A H® = (88 4 10) kJmol .

For the heat capacity of the high temperature modifications
of Nd,O5; we estimate

o et _ —1 -1
Co(H,T) = C3(X,T) = 145 JK 'mol
o1 _ -1 ~1
Cp(llq, T)=160JK " mol .

3.7.3. Enthalpy of formation

The enthalpy of formation of hexagonal Nd,O3 has been
assessed by Cordfunke and Konings®* recently, and we accept
the selected value from that work, because no new information
has been published since

AfH®(Nd, 03, cr, 298.15 K) = —(1806.9 =+ 3.0) kI mol .

This value has been derived from the studies listed in Table 11
(corrected for some errors), that have been employing solution as
well as combustion calorimetry. The three combustion calori-
metric measurements*”*“ are in reasonable agreement, but the
value by Huber Jr. and Holley Jr. 8 AH®(298.15K) = —(1808.1
+ 1.0) kJmol™ 1, was considered to be far more accurate since the
starting materials were of rather high purity and the combustion
was complete. The solution calorimetric studies heavily rely on
the value for the enthalpy of solution of Nd metal used in the Hess
cycle to derive the enthalpy of formation of Nd,O3. Cordfunke
and Konings™* therefore used the enthalpy of solution of Nd(cr)
in HCl(aq) by Merli et al.,*® Tiflova,'® and Stuve,'®’ which are
consistent with each other and measured on high-purity Nd(cr)
samples, to recalculate the reported measurements in a systema-
tic manner. The selected enthalpy of formation is the mean of the
results of Huber Jr. and Holley Jr.”® and the values derived from
the results of Fitzgibbon et al'® and Popova and
Monaenkova.'*?

3.8. Pmy03(cr,l)
3.8.1. Polymorphism and melting point

The monoclinic B-type (space group C2/m) and the cubic C-
type (space group Fm3m) rare earth sesquioxides structure of
Pm,O; have been found at room temperature, like is the case
for its neighboring sesquioxides. According to the generally
accepted stability diagram of the lanthanide sesquioxides, the
C-type structure is probably the thermodynamic stable mod-
ification at room temperature. Chikalla et al.'"” found that the
B-type form is stable above about T = 1073 K, which is in
reasonable agreement with the trend in the lanthanide sesqui-
oxides as shown in Fig. 4, but claimed that this transition
is irreversible. They determined the transition temperatures
and the melting point, which we select here after a correction
of —1 K, assuming the data refer to IPTS-68: T = (2013 4 20)
K for the B — A transformation, T = (2407 £ 20) K for the
A — H transformation, and T = (2497 + 20) K for the H —» X
transformation.

The melting point of Pm,0O; was measured by Gibby
et al.'®® as T = (2408 + 30) K, and by Chikalla ez al.'"” as
T = (2593 £ 30) K. The former value is significantly lower
than those of the neighboring Nd,O5 and Sm,03, and must be
in error. We therefore select the value of Chikalla er al.'"’
which becomes T = (2592 4+ 30) K on ITS-90.

3.8.2. Heat capacity and entropy

Konings'”’ estimated the standard entropy of Pm,Os from a

systematic analysis of the trend in the lanthanide sesquioxides,
describing the entropy as the sum of the lattice and excess
components. The lattice component was obtained by inter-
polation of the values for La,03, Gd,05, and Lu,05, the excess
component from the ground state degeneracy of the *F»
multiplet. This value is selected here

$°(298.15K) = (158.0 + 5.0) JK " mol .

TaBLE 11. The enthalpy of formation of Nd,O5(cr) at 298.15 K; AH{ and AHj3 are the enthalpies of solution of Nd(cr) and Nd,Os(cr) in HClI(aq), respectively (after

Cordfunke and Konings®*)

Authors Method® AHS/kJ mol ™! AHS/kJ mol ™! ArHO/KJ mol ™!
Muthmann and Weis*’ C —1820
Matignon®’ S (0.5) —441.4
Huber, Jr. and Holley, Jr.”® C —1808.1 £ 1.0
Spedding er al.*”® C —1798.2
—1789.2
Fitzgibbon et al.'® S (2.0) [—691.7 + 1.5]° —434.0 £ 0.6 —1807.1 £3.1
S (4.0) [—693.6 + 1.5]° —4383+ 13 —1807.3 £2.2
Yashvili and Gvelesiani'”’ S (1.0) [—689.6 + 2.0] —434.7 £ 2.1 —1799.6 + 4.5
Morss et al.'* S (6.0) [—695.7 + 1.8]° —419.6 + 6.0 —1831.7£7.0
Popova and Monaenkova'®? S (2.19) —686.8 £ 1.0 —4342 £ 0.7 —1797.1 £ 2.1
[—690.8 + 1.6]° —1805.1 +3.3
[—691.9 + 2.0 —1807.3 + 4.1
Hennig and Oppermann'®* S (4.0) [-691.7 + 1.5]° —419.5 + 0.4 —1816.1 £ 1.9
Selected value: —1806.9 £+ 3.0

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in mol dm™;

Estimated from the data of Merli er al.*

“Stuve'?
“Merli e al.®
°Tiflova.'%

3
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The high temperature heat capacity equations for C-Pm,05
(298-1073 K) and B-Pm,0O3 (1073-2013 K) have been esti-
mated from the values for the other lanthanide sesquioxides as

o —1 —1
C,(C,T)JK™ " mol ")
= 122.9493 +30.0141 x10~
—1.85217 x 10%(T/K)*
o —1 —1
C,(B,T)/(JK™ "mol™")
= 129.454 4+ 19.960 x 10~

*(T/K)

*(T/K).
For the heat capacity high temperature modifications we have
assumed the same values as estimated for Sm,0O3 (see below)
° _ (o _ ~1 -1
C,(H,T)=C,(X,T) = 165JK™ mol ",
o(1: _ —1 —1
Cp(hq7 T)=179J-K "mol .
The transition enthalpies have been estimated as outlined for
C6203:
Atrf (C - B) =
Ay H(B— A) =
A H(A—H)=
A H(H—X) =
ApisH®

(7+3) kImol ',
(6 +3) kJmol ',
(31 4 8) kI mol !,
(20 + 5) kI mol !,
= (88 £ 10) mol .

3.8.3. Enthalpy of formation

Experimental values for the standard molar enthalpy of
formation of promethium sesquioxide are not available in
the literature. The selected AyH®(298.15 K) value has been
estimated by Cordfunke and Konings®* using the dependence
of AH°(Ln,O3, cr) — 2AfH°(Ln3+, aq) on the atomic radii
of the trivalent lanthanides and the enthalpy of formation of

3+(aq). Pm,O5(cr) is a boundary compound of the domains
of existence of the hexagonal and monoclinic rare earth
sesquioxides, both crystal structures are acceptable for pro-
methium sesquioxide with equal degree of probability.'"”
Assuming the hexagonal crystal structure of Pm,0O5(cr) to be
the stable form, the enthalpy of formation was calculated as

A/H® (Pmy03, cr) = —(1811 +21) kimol .

3.9. Sm,05(cr,l)
3.9.1. Polymorphism and melting point

The monoclinic B-type (space group C2/m) as well as the
cubic C-type (space group Fm3m) structures of samarium
sesquioxide have been reported to be stable at room tempera-
ture. According to the generally accepted stability diagram of
the lanthanide sesquioxides (see Fig. 4), the C-type structure is
probably the thermodynamic stable modification from room
temperature to about 900 K. However, the energetics of the
two modifications are probably very close and the transforma-
tion kinetics very sluggish. Since most of the thermodynamic
measurements have been made for the B modification, our
recommended values refer to this phase only.
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TaBLE 12. Temperature of melting of samarium sesquioxide (after Coutures
and Rand'®)

Th/K

Authors Reported ITS-90
Wisnyi and Pijanowski'"! 2573 + 50 2590 =+ 50
Curtis and Johnson''? 2623 + 50 2626 =+ 50
Foex "’ 2593 2607
Mordovin et al.*° 2536 + 30 2539 + 30
Noguchi and Mizuno”' 2506 =+ 20 2509 =+ 20
Gibby er al.” 2623 + 25 2622 + 25
Treswijatskii er al.”? 2613 + 20 2612 + 20
Coutures ef al.”? 2598 + 10 2598 + 10
Mizuno et al.** 2583 2570
Shevthenko and Lopato'? 2583 2582
Selected value: 2613 £ 15

Foex and Traverse'® reported that B-type Sm,O5 transforms
to the A-type Ln,Oj5 structure at ~2173 K. They also found that
the A — H and H — X transformation occurs at ~2373 and
2473-2523 K, respectively. These values must be converted to
ITS-90 using the procedure outlined by Coutures and Rand, "
leading to a correction of +14 K. Lopato er al.'" reported
the B — A transformation at T = 2193 K and the A — H and
H — X transformations at T = 2403 K and T = 2553 K,
respectively. Shevthenko and Lopato'’ reported the B — A
transformation at T = 2143 K, the A — H at T = 2343 K, and
the H — X transformations at T = 2498 K. No information on
the calibration of these measurements has been found, but
assuming the data refer to IPTS-68, a correction of —1 K needs
to be applied to convert to ITS-90. We select T, = (2190
4+ 20) K for the B — A transformation, T,., = (2395 4+ 20) K
for the A — H transformation and T,,, = (2533 + 30) K for the
H — X transformation.

The measurements of the melting temperature of Sm,0;
have been summarized in Table 12, which is based on the
TUPAC review by Coutures and Rand.'® The selected melting
point is (2613 £+ 15) K.

3.9.2. Heat capacity and entropy

The low-temperature heat capacity of B-type Sm,O3 has
been measured by Justice and Westrum Jr.' ' from 10 to 350 K.
They obtained S°(298.15 K) — S°(10 K) = 138.99 J K™
mol . Extrapolation of these results to T = 0 K, and account-
ing for the 2RIn (2) contribution of the ground state doublet of
the split °H-/, multiplet, gives for the entropy at T = 298.15 K:

$°(298.15K) = (150.6 +0.3) JK ' mol '

The high-temperature enthalpy increment of Sm,0; has
been measured by Curtis and Johnson,''? Pankratz et al.,"'*
and Gvelesiani et al.'">. The latter two groups measured the B-
type hexagonal and the C-type cubic modifications, the results
being in good agreement (Fig. 7). Curtis and Johnson''?
reported data on a sample consisting of a mixture of B and
C, their results being in poor agreement with the other results.
Pankratz et al.''* reported a transition (at about 1195 K) with a
small enthalpy effect (1.045 kJ mol ") for B-type Sm,Oj that
was not observed by Gvelesiani ef al.''>. Also DTA analysis by
Curtis and Johnson''? did not reveal phase transformations up
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FiG. 7. The reduced enthalpy increment (in J K~ 'mol ") of B-Sm,05; o,
Gvelesiani et al.''; [, Pankratz et al.''*; A, Curtis and Johnson''?; e, value
derived from the low-temperature measurements by Justice and Westrum
Ir! '3; the curve shows the recommended equation.

to 1403 K. Since there is no additional confirmation of this
effect, we have neglected it in our analysis. Our recommended
heat capacity equation for B-Sm,05 is based on the combined
results of Pankratz ef al.''* and Gvelesiani er al.''”:

Cy/(JK 'mol™") = 129.7953 4+ 19.03114 x 10*(T/K)
—1.86227 x 10°(T/K) >

This equation is constrained to C,(298.15 K) = 114.52J K

mol ™!, as derived from the low-temperature measurements
Justice and Westrum Jr.'"® For C-Sm,05 we obtain (without
constraint)

Cy/(J-K~"mol™") = 132.4358 + 18.7799 x 10~
—2.40860 x 10°(T/K) 2

*(T/K)

The entropy change of the C — B transformation in the
lanthanide sesquioxides was estimated from high pressure
studies by Hoekstra''® as 6.3 J K~ ' mol ™' using the Clau-
sius-Clapeyron equation, which is selected here. This quantity
can also be estimated from the differences of the enthalpy
equations at the transition temperature (—0.3 kJ mol ' at
900 K), plus the difference in the enthalpies of formation at
298.15 K (3.8 + 6.2 kJ mol "), giving A, ,H° = (3.5 4 6.2)
kJ mol ™! corresponding to A,S° = 3.9 1] K 'mol™!, in fair
agreement with Hoekstra’s estimate.''®

No heat-capacity or enthalpy measurements have been
reported for the H, X, and liquid phases of Sm;03. The
properties of these modifications have been estimated in a
similar way as for La,O5 and Ce,O3. We thus obtain for the
transition enthalpies

(6 4 3) kImol ™!
( (7 +3) ki mol !
A, H°(A — H) = (32 £ 8) kJmol '
A, H°(H — X) = (20 £ 5) kI mol '
AssH® = (89 4 10) kJ mol ™!

A, H°(C— B) =
A H(B — A) =
)=
)=

For the heat capacity of the high temperature modifications of
Sm»,O5; we estimate

Cy(A,T) = 140 JK~" mol '

° o _ —1 —1
Cy(H,T) = C;(X,T) = 165 JK~" mol
C;(lig, T) = 179 JK ' mol .

3.9.3. Enthalpy of formation

The enthalpy of formation of monoclinic and cubic Sm,0;
have been assessed by Cordfunke and Konings>* recently, and
we accept the selected value from that work, since no new
information has been published since

AfH® (Sm, 03, monoclinic, 298.15 K) = —(1823.0 + 4.0) kJ mol !
AfH®(Sm, 03, cubic, 298.15 K) = —(1826.8 + 4.8) ki mol .

The values for the enthalpy of formation of monoclinic
Sm,O5 obtained by Huber Jr. ef al.''” and Baker et al.''® by
oxygen-bomb combustion calorimetry and by Baker er al.'"®
using solution calorimetry are in reasonable agreement (see
Table 13), and are the basis for the selected value. Later results
by Gvelesiani and Yashvili*® significantly deviate from this
value, but the nonmetallic impurities in their samples are not
reported, which could be an explanation for the difference. The
measurements by Hennig and Oppermann''° of the enthalpy of

solution of Sm,0O3 in HCl(aq) is in good agreement with the

TaBLE 13. The enthalpy of formation of Sm,O3(cr) at 298.15 K; AH{ and AH3 are the enthalpies of solution of Sm(cr)
and Sm,Os;(cr) in HCl(aq), respectively (after Cordfunke and Konings3 4

Authors Method® AHS/kJ mol ™! AHS/kJ mol ™! A/HO/K] mol ™!
Huber Jr. et al.'"’ C —1815.4 £ 2.0
Montgomery and S (0.48) —408.8 £ 1.4
Hubert™®
Spedding ez al.”® C —1777.3
Gvelesiani and S (0.7) —683.7 + 5.4 —389.5 + 0.4 —1835.4 + 10.8
Yashvili*®
S (1.0) —682.6 + 2.2 —3912 + 3.6 —1831.5 £ 5.7
Baker et al.''® C —18242 + 2.6
S (2.0) —690.1 £ 1.3 —417.1 £ 12 —1820.8 + 2.9
S (3.99) —689.5 + 3.8 —406.7 + 4.6 —1830.7 = 8.9
Hennig and S (4.0) —412.8 £ 0.5 —1824.6 +7.6"
Oppermann'"”
Selected value: —1823.0 £4.0

4C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in

mol dm >

"Using AH{ from Baker et al."®
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results by Baker er al.''® However, because of the poor
characterisation of the Sm,O5 sample and the fact that the
measurements by Hennig and Opperman deviate significantly
for most of the lanthanide sesquioxides (see La,03, Nd,Os3,
and Eu,03) this value was not taken into account by Cordfunke
and Konings.**

The enthalpy of formation of cubic Sm,0O3 was also derived
from the work of Baker et al.''® and Gvelesiani and Yashvili,*®
who both determined the value for A, H°(monoclinic/cubic)
by solution calorimetric measurements of the two crystal-
lographic modifications. As discussed by Cordfunke and
Konings®* the results are in reasonable agreement, —(3.7 +
2.6) kI mol ™! and = —(5.5 + 4.0) kJ mol ", respectively, but
the value of Baker er al.''® is preferred for reasons given in the
preceding paragraph.

3.10. Eu,05(cr,l)
3.10.1. Polymorphism and melting point

Europium sesquioxide has a complex polymorphism: both
the monoclinic (B-structure) and the cubic (C-structure) are
found to coexist at room temperature. At standard pressure
conditions the C form is the most stable form, the B form thus
being metastable. The C-Eu,0; phase has a fluorite-type cubic
structure (space group Fm3m). The B-Eu,O; form is the
monoclinic modification of europium sesquioxide (space
group C2/m).

The C — B transformation has been studied extensively.
Stecura'?’ reported that this transition is irreversible, but most
other studies have found that the transformation kinetics are
sluggish but reversible. The temperature was found at 1348 K
(Ref. 121) and 1373 K.% Ainscough et al.'?? observed sig-
nificant differences in the transformation temperature and rate
for air and hydrogen atmospheres, the transformation taking
place faster and at lower temperature (75 K) in air. This was
confirmed by Suzuki er al.'** for air and vacuum. More
recently Sukhushina er al.'** measured the oxygen potential
of stoichiometric B-Eu,03 and C-Eu,O5; between 1150 and
1450 K. From the results they derive T,,; = 1350.6 K from the
intersection of the curves. The phase transformations at high
temperatures have been studied by Foex and Traverse.'® They
reported the B — A transformation at T = 2313 K, the A - H
transformation at T = 2413 K, and the H — X transformation at
T = 2543 K. These results must be converted to ITS-90 by +14
K, following the procedure outlined by Coutures and Rand."”

We select T,., = (1350 £ 15) K for the C — B transfor-
mation, T,., = (2327 £+ 30) K for the B — A transforma-
tion, T, = (2427 + 30) K for the A — H transformation, and
T, = (2557 4+ 30) K for the H — X transformation.

The measurements of the melting temperature of Eu,O5 have
been summarized in Table 14, which is based on the IUPAC
review by Coutures and Rand'’; the results being corrected to
ITS-90. The selected melting point is (2622 + 20) K.

3.10.2. Heat capacity and entropy

The low-temperature heat capacity of C-Eu,03 has been
measured by Lyutsareva er al.'*® from 7 to 319 K and these
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TaBLE 14. Temperature of melting of europium sesquioxide (after Coutures
and Rand'®)

Th/K

Authors Reported ITS-90
Wisnyi and Pijanowski'"! 2323 + 30 2339 + 30
Schneider'? 2513 + 10 2519 + 10
Foex '’ 2603 2617
Mordovin et al.*° 2276 + 30 2278 + 30
Noguchi and Mizuno”' 2564 + 20 2567 + 20
Coutures et al.” 2633 + 10 2632 + 10
Mizuno ef al.** 2618 + 20 2605 + 20
Selected value: 2622 + 20

authors also measured the low-temperature heat capacity of B-
Eu,0; from 8 to 311 K. The heat capacity and standard entropy
values for B-Eu,0j5 are consistent with the results for the other
A- and B-type Ln,O5; compounds considering the lattice and
excess electronic components.'?” For that reason we recom-
mend the entropy value for B-Eu,0; from this work, with an
increased uncertainty:

S°(298.15 K) = (143.54+0.5) JK " 'mol .

The heat capacity and entropy values for C-Eu,0O3, on the
other hand, only poorly agree with the results for the C-type
Ln,O3 compounds, giving a too high lattice component above
200 K after subtraction of the excess heat capacity using
crystal field data for Eu®" in a cubic (C) environment. A
similar observation was made for Pr,O3; measured by the same
authors (see above). We therefore reject the standard entropy
S°(298.15K) = (142.24 4 0.14) JK ' mol ' derived from that
work, and estimate for C-Eu,0s5:

$°(298.15 K) = (136.4 +2.0) JK " mol .

The high-temperature enthalpy increment of C-Eu,0; has
been reported by Pankratz and King,'*® and Tsagareishvili and
Gvelesiani.'?’ The two data sets are in reasonable agreement.
These results also show a slight misfit with the low-tempera-
ture data (see Fig. 8), confirming these are probably too high.
The combined results have been fitted to the polynomial
equation, to yield for the heat capacity

Cy/(JK 'mol™") = 136.2978 + 14.9877 x 107 (T/K)
—1.4993 x 10°(T/K) 2.

This equation is constrained to C;(298. 15K)=123.91] Kt
mol ' as estimated by us, and not to C;(298.15 K) =
127.09 J K~ mol ' as derived from the low-temperature heat
capacity measurements.

The high-temperature enthalpy increment of B-Eu,03 has
also been determined by Curtis and Tharp,'*® Pankratz and
King, 128 and Gvelesiani ez al.! 15; the latter article also includes
some numerical results from previously reported measure-
ments by Tsagareishvili and Gvelesiani.'*” The results of
Pankratz and King'*® and Gvelesiani et al.''® are in poorer
agreement, the former being up to 2.5% lower, in contrast to
the results for C-Eu,03. An unexplained transition at ~900 K
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FiG. 8. The reduced enthalpy increment (inJ K" mol™") of B-Eu, 05 (top) and
C-Eu,05 (bottom); o, Gvelesiani et al. 115, 7, Pankratz and King'zg; A0,
value derived from the low-temperature measurements by Lyutsareva et al.'>®;
the curves show the recommended equations.

was observed by Pankratz and King'*® which was not present
in the results of Gvelesiani ef al.,''> nor found in high
temperature dilatometry studies.'**'*! The recommended
value is derived from the polynomial fit of the data by Pankratz
and King128 and Gvelesiani et al.,115 constrained to
C(298.15 K) = 122.33 JK ' mol ™ ,'* yielding for the heat

capacity:

Cy/(JK"mol™") = 133.3906 + 16.6443 x 107*(T/K)
— 1.42435 x 10°(T/K) 2.

The enthalpy of the C — B transition can be approximated
from the differences of the enthalpy equations at the transi-
tion temperature (—1.2 kJ mol~! at 1300 K), plus the
difference in the enthalpies of formation at 298.15 K
(+12.1 kJ mol™"), yielding A,,S° = 8.1 J K™'mol™", in

fair agreement with Hoekstra’s estimate, A,,,S° = 6.3 ] K!
mol ™! from high pressure studies.''® We select the latter
value, giving

AtrsI'IO(C — B) = (9 + 3) kJ mol~!

Heat-capacity or enthalpy measurements have not been
reported for the H, X, and liquid phases of Eu,Os3. Foex and
Traverse'® found that the thermal effects of the B — A
transformation are average compared to the other transfor-
mations. The properties of these modifications have been
estimated in a similar way as for Ce,O3. We thus obtain for
the transition enthalpies
A H°(B — A) = (742) kimol ',
A, sH°(A — H) = (33 £ 8) kimol ',
AysH°(H — X) = (21 £5) kimol ',
AsH® = (89 + 10) kImol ™.
For the heat capacity of the high temperature modifications of
Eu,03 we estimate
Cy(A,T) =141 JK "mol ™!
o __ (o o —1 -1
Cp(H7 T) = CP(X, T) = 144 JK™ " mol
C;(lig, T) = 156 JK 'mol™!

3.10.3. Enthalpy of formation

The enthalpy of formation of monoclinic as well as cubic
Eu,0; has been assessed by Cordfunke and Konings™
recently, and we accept the selected values from that work,
since no new information has been published since

AfH° (Euy O3, monoclinic, 298.15 K) = —(1650.4 + 4.0) kJmol ',
A/H(Ewy 05, cubic, 298.15 K) = —(1662.5 +6.0) kJ - mol .

The value for monoclinic europium sesquioxide is based
on an analysis of combustion as well as solution calorimetry
studies, as shown in Table 15. The selected value is the mean
of the results by Holley and coworkers.'**'?* Their results

TaBLE 15. The enthalpy of formation of monoclinic Eu,Os(cr) at 298.15 K; AH{ and AH3 are the enthalpies of solution

of Eu(cr) and Eu,05(cr) in HCl(aq), respectively

Authors Method® AH$/kJ mol ™! AHS/KJ mol™'  AH°/KJ mol ™!
Huber Jr. et al.'* c —1648.1 +£3.8
Yashvili and Gvelesiani'®! S (1.0) —632.6 + 3.8 —39754+38 —17255+85
[—607 + 4]° —1674.0 + 8.9

Fitzgibbon et al.'*? C —1651.0 £ 3.8
S (4.0) —605.2 + 2.9 —4168+15  —1652.0 + 6.0

S (6.0) [—589.9 + 2.9]° —4152+27 —16245+ 64

[—603 + 4]° —1650.7 + 8.0

Hennig er al.'** S (4.0 [—583.0 + 2.5 —3383+03 —1686.2+ 5.0
—1730.6 + 5.8¢

selected value: —1650.4 + 4.0

4C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in

mol dm’3;

Estimated by Cordfunke and Konings** from studies for various lanthanide metals at 1.0, 3.0 and 6.0 mol dm > HCI

3
I 9;

(aq) by Merli et a
“Stuve'’

dUsing AH{ from Fitzgibbon et al. 133

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014
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obtained by combustion calorimetry are in excellent agree-
ment. The value derived from solution calorimetric mea-
surements of Eu(cr) and Eu,Os(cr) in 4.0 mol dm > HCl(aq)
excellently agrees with these. Further support is obtained
from the measurements of the enthalpy of solution of
Eu,05(cr) in 6.0 mol dm > HCl(aq) by Fitzgibbon er al.,'**
combined with an estimated value of the enthalpy of solu-
tion of Eu(cr) in the same solvent. The value derived from
the work by Yashvili and Gvelesiani,'®" who measured the
enthalpies of solution of Eu(cr) and Eu,Os(cr) in 1.0
mol dm 3 HCl(aq), deviates considerably, even when recal-
culated with an estimated enthalpy of solution of Eu(cr) in
1.0 HCl(aq). Also the value derived from the measurements
by Hennig et al.,"** who measured the enthalpy of solution
of Eu,O; in 4.0 mol dm* HCl(aq), disagrees, already
evident from the much lower enthalpy of solution compared
to Fitzgibbon et al.'**

The enthalpy of formation of cubic Eu,O; was derived
by Cordfunke and Konings®* from two different sources.
Fitzgibbon et al.'** determined A sH°(monoclinic/cubic)
= —(11.13 + 1.17) kJ mol~' by solution calorimetry in
four different solvents, resulting in A H°(298.15 K)
= —(1661.1 + 6.3) kJ mol~'. An almost identical value,
AFH®(298.15 K) = —(1663.3 &= 5.9) kJ mol ™!, was derived
from the enthalpy of solution of cubic Eu,O3; in
4.0 mol dm~* HCl(aq) by Stuve'*> and the enthalpy of
solution of Eu(cr) by Fitzgibbon et al.."*® This latter value
was preferred over Stube’s value.

3.11. EU304(cr)
3.11.1. Polymorphism and melting point

Trieuropium tetraoxide has an orthorhombic crystal struc-
ture (space group Pnam). Bedford and Catalano'*® suggest that
Eu30,4 melts congruently at 2273 K.

3.11.2. Heat capacity and entropy

The low-temperature heat capacity of Eu;O,4 has not been
measured. The standard entropy can be derived from the
second-law reaction entropy derived from vaporisation mea-
surements of the reaction:

3Eu304(cr) = 4Eu,;03(monoclinic) 4+ Eu(g)

for which AS® = (118 £ 3.4) J K~ ' mol ! at 1810 K was found
by Haschke and Eick,"” yielding $°(298.15 K) = (314.6 +
3.1) JK~ ' mol . This entropy value at 298.15 K is very close
the sum of the oxides B-Eu,05 and EuO, (307.9 +2.2)J K™!
mol . We select

$°(298.15K) = (315 +4) JK ™' mol ™"

The high-temperature enthalpy increment of Eu3O, has
been estimated by Haschke and Eick'?’ as

o -1 -1\ __ -3
Co/(TK ™" mol™") = 182.464 + 26.108 x 10~*(T/K).

It should be noted that in the range 300-900 K, this equation is
substantially higher than the sum of the oxides B-Eu,03 and
EuO.
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3.11.3. Enthalpy of formation

The enthalpy of formation of EuzO,4 has been derived from
the enthalpy of reaction derived by Haschke and Eick'?’ of the
vaporisation reaction (see Sec. 3.11.2) , AA\H=(360.7 £5.9)
kJ mol ™!, resulting in:

A/H(Eu30y, cr, 298.15 K) = (2276 + 10) kI mol ™!

3.12. EuO(cr)
3.12.1. Polymorphism and melting point

Europium monoxide has a face-centered cubic structure
(space group Fm3m)."*®* McMasters er al."*° observed no
phase transitions up to 1724 K. According to the phase diagram
of the Eu-O system proposed by McCarthy and White'** EuO
decomposes peritectically at about 1793 K. Shafer et al.'*'
suggest that EuO exhibits hypo- as well as hyperstiochiometry
composition ranges, and that the liquidus of the oxygen rich
compositions increases to (2238 4 10) K, in agreement with
the values reported by Reed and Fahey,'** (2253 4 20) K, and
Bedford and Catalano,*® (2263 + 30) K.

3.12.2. Heat capacity and entropy

The low-temperature heat capacity of EuO has been mea-
sured by Teany and Moruzzi'*® from 16 to 300 K. They ob-
served a sharp anomaly with Curie temperature T, = 69.3 K,
also found by Shafer er al.'*' by electrical conductivity
measurements. The total entropy of the transition was found
to be corresponding to the theoretical value R In(8). The
standard entropy of EuO has been derived from these mea-
surements:

S°(298.15 K) = (83.6 £ 0.8)J K" mol .

The high-temperature enthalpy increment has been mea-
sured by McMasters ef al.'*” The two data sets are in good
agreement and the high-temperature data can be represented
by the polynomial equation (419 to 1724 K):

o -1 -1\ __ -3 2
C3/(TK" mol ") = 46.5453 + 7.360 x 1073(T/K)

which is a refit of the experimental data, omitting several
extreme outliers.

3.12.3. Enthalpy of formation

The enthalpy of formation of EuO, (, was determined by
Burnett'** by solution calorimetry yielding AH®(298.15 K)
=—(607.0£4.1)kJ molfl, and Huber and Holley J1r.,145’146
by oxygen combustion calorimetry yielding AMH°
(298.15 K) = —(599.6 = 2.1) KJ mol ', in good agreement.
Assuming that EuO , is a ideal solid solution (0.96EuO +
0.04EuQ, 5) these values have been recalculated and the
mean value has been selected,

A/H®(EuO, cr, 298.15 K) = —(593.2 + 5.0) ki mol .
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3.13. Gd203(cr,|)
3.13.1. Polymorphism and melting point

At room temperature, gadolinium sesquioxide has the rare
earth cubic C-type structure (space group Ia3), though the
monoclinic B-type structure can also be maintained to room
temperature. The C — B transformation, which is sluggish but
reversible, was found at 1298 K by Shafer and Roy,]47 1523 K
by Roth and Schneider'?' and 1473 K by Warshaw and Roy,*
the latter being selected here because of the careful analysis
made in that work. In view of the approximate nature, no
attempt has been made to correct these values to ITS-90.

Foex and Traverse'? determined the temperatures of the B
— A, A — H and H — X transformations by thermal analysis,
without giving numerical results. From the thermogram we
deduce the values ~2403, ~2423, and ~2623 K. They also
determined the transformation of H-type Gd,Oj3 to the X-type
Ln,Oj5 structure at ~2623 K using XRD. These values must be
converted to ITS-90 using the procedure outlined by Coutures
and Rand,"” leading to a correction of +15 K. Lopato et al."'
reported that the transformations B — A and A — H occur in
the temperature range 2443-2473 K and that H — X trans-
formation occurs close to the melting point (2633-2653 K).
Barkhatov er al.'*® reported the transformation temperature
forB— A and A — H as (2443 4+ 10) K and (2481 4+ 10) K
from drop calorimetric measurements and (2436 + 10) K and
(2470 £+ 15) K from electrical conductivity measurements,
respectively. No information on the calibration of these mea-
surements has been found, but assuming the data refer to IPTS-
68, a correction of —1 K needs to be applied to convert to ITS-
90. We select T,., = (2430 + 30) K for the B — A transforma-
tion, T,., = (2470 + 30) K for the A — H transformation and
T,y = (2538 4+ 20) K for the H — X transformation. The
measurements of the melting temperature of Gd,O5 have been
summarized in Table 16, which is based on the [IUPAC review
by Coutures and Rand."” The selected melting point is (2693
+ 15) K.

TaBLE 16. Temperature of melting of gadolinium sesquioxide (after Coutures
and Rand'®)

Tj/K
Authors Reported 1TS-90
Wisnyi and Pijanowski'"! 2603 + 20 2620 =+ 20
Curtis and Johnson''? 2623 + 50 2626 + 50
Foex'’ 2668 2683
Mordovin et al.*° 2597 + 30 2599 + 30
Noguchi and Mizuno®' 2603 + 20 2606 + 20

Spiridonov ez al.'* 2573 2576

Treswijatskii ef al.”? 2653 + 20 2652 + 20
Coutures et al.” 2713 + 10 2712 + 10
Mizuno ef al.** 2667 2655

Yoshimura er al.?® 2666 2672 + 15
Mizuno et al.'> 2686 + 25
Shevthenko and Lopato'? 2683 2682

Salikhov and Kan®® 2666 + 10
Kang et al."™' 2701 =+ 20
Selected value: 2693 + 15

3.13.2. Heat capacity and entropy

The low-temperature heat capacity of C-Gd,O3 has been
measured by Justice and Westrum Jr.'B from T = (7t0346) K
and Stewart ez al.">* from T = (1.4 to 18) K, the results being in
acceptable agreement in the overlapping temperature range.
The results show a thermal anomaly, which is related to the
removal of the ground state degeneracy. Stewart et al.'>
concluded from the relatively large crystal field splitting
needed to reproduce the peak and from EPR measurements
that the anomaly in the cubic form is not a Schottky-type
transition, as suggested by Miller er al.,'> but is related to a
magnetic ordering. The entropy of the transition is, however,
close to 2RIn (2J + 1) = 2RIn (8) expected for the contribution
of the ground state ®F;,, multiplet. The results give for the
entropy of C-Gd,03 at T = 298.15 K:

$°(Gd,03, cubic, 298.15 K) = (150.6 = 0.2) JK ' mol .

The low-temperature heat capacity of B-Gd,O3; was mea-
sured by Konings et al.'*” from 5 to 400 K and by Rosenblum
etal.">* from 1.6 to 12.5 K. The latter authors found a lambda-
type transition with a maximum at T = 3.80 K. The transition
entropy is almost identical to the theoretical value 2RIn (8) =
4.16R. The absolute entropy at T = 298.15 K is

S°(Gd, 03, monoclinic, 298.15 K)
=(157.1£0.2) JK " mol "

The high-temperature enthalpy increment of C-Gd,O; has
been determined by Curtis and Johnson, 12 Pankratz and
King,'?® and Tsagareishvili et al.'>> The results are in good
agreement, as shown in Fig. 9. Our recommended heat capa-
city equation for C-Gd,O3 is based on the combined results of

150

125

100

HO(T)-H°(298.15 K)
(T - 298.15)

75

150
<
wv
2@ 125
8%
T
¢ ) 100
T
75 1 | 1 1 | 1 1 | 1 1
0 500 1000 1500 2000
T/K

FiG. 9. The reduced enthalpy increment (in J K~ ' mol™") of B-Gd, 05 (top)
and C-Gd,05 (bottom); o, Pankratz and Kinglzg; [, Tsagareishvili et al. 155; A
Curtis and Johnson“z; e, value derived from the low-temperature
measurements by Justice and Westrum Jr.'"* for C-Gd,O; and Konings

et al."”” for B-Gd,O5; the curves show the recommended equations.
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the latter two studies, constrained to C° = 105.52 J K~ ! mol !

P
3
from the low-temperature measurements:''

Cy/(JK™"mol™") = 114.8086 + 17.2911 x 107*(T/K)
—1.28397 x 10°(T/K) 2.

The results of Pankratz and King'?® and Tsagareishvili

et al."> for B-Gd,0s differ significantly at the lowest tem-
peratures. We have fitted the combined results into a poly-
nomial fit, constrained to C; = 105.1 J K 'mol™! from the

low-temperature measurements' > to give for the heat capacity
of B-GdzOg:

Cp/(JK™"mol™") = 114.6104 + 15.2344 x 107(T/K)
—1.24917 x 10°(T/K) 2.

The entropy of the C — B transition was estimated from
high-pressure studies by Hoekstra''® as 6.3 J K~ ' mol ' using
the Clausius-Clapeyron equation. This value is confirmed by
the difference in the entropies of the B- and C-modifications of
Gd,0; at 298.15 K (see above), 6.5 J K~ 'mol'. Unlike
Sm,03 and Eu,0j; the transition enthalpy cannot be derived
from experimental enthalpy data, as the difference in the
enthalpies of formation at 298.15 K is not known. Barkhatov
et al."* reported enthalpy increment measurements for Gd,O5
from which the enthalpies of the B — A and A — H
transformations were derived as (6.3 £+ 3.3) kJ mol ! and
(34.7 & 3.3) kJ mol~'. Heat-capacity or enthalpy measure-
ments have not been reported for the X and liquid phases of
Gd,05. The properties of these modifications have been
estimated in a similar way as for La,O3 and Ce,0O53. We thus
obtain for the transition enthalpies

A;H°(C — B) = (94 2) kimol !,

Ay H°(B — A) = (6.3 +3.3) kJmol ',

A,H°(A — H) = (34.7 +3.3) kJmol !,

AysH°(H — X) = (20 + 5) kI mol !,
AgsH® = (92 4 10) kI mol .

For the heat capacity of the high temperature A, H, and X
modifications and liquid Gd,O5; we estimate

Cy(A,T) = 142 JK "mol ',

o __ (o _ . —1 —1
Cy(H,T) = C;(X,T) = 130; JK~" mol ',
C;(lig, T) = 140; JK~" mol !,

3.13.3. Enthalpy of formation

The enthalpy of formation of monoclinic Gd,O3 has been
assessed by Cordfunke and Konings™ recently, and we accept
the selected values from that work, since no new information
has been published since

AH®(Gd, 03, cr, 298.15 K) = —(1819.7 +3.6) kJmol .

This value is solely based on the combustion calorimetric
study by Huber, Jr. and Holley, Jr.,"*® who used 97.05 mass %
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TaBLE 17. The enthalpy of formation of Gd,Os(cr) at 298.15 K; AHS and AH3
are the enthalpies of solution of Gd(cr) and Gd,O3(cr) in HCl(aq), respectively
(after Cordfunke and Konings™*)

Authors Method" AH{/kJ mol™' AH3/kJ mol™' AH®/KJ mol™
Huber Jr. and C —1819.7 + 3.6
Holley Jr.1%°

Spedding eral.”®  C —1786.2

Yashvili and S (6.0) —6945+ 1.7 —422.6+ 1.3 —1826.3 +3.7
Gvelesiani'"!

[—694.9 + 1.0]° —1829.5 £ 2.6

—1828.2 + 3.6°

Selected value: —1819.7 £ 3.6

C: combustion calorimetry; S: solution calorimetry; values in parentheses

give the concentration of the solvent in mol dm .

"Merli et al.>®
“Cycle based on GdCl5.*’

pure gadolinium metal (Table 17). The combustion value by
Spedding er al.®® is much less accurate due to incomplete
combustion and lack of analytical characterization of the
sample of Gd(cr). The values derived from the solution
calorimetric study by Yashvili and Gvelesiani,'®" who deter-
mined the enthalpies of solution of Gd(cr) and Gd,O5(cr) in 6.0
mol dm > HCl(aq), are in reasonable agreement, but as dis-
cussed by Cordfunke and Konings,>* they are considered
significantly less accurate, especially in view of the difficulties
of the slow dissolution of Gd,O3(cr) in HCl(aq).

3.14. TbO(cr)
3.14.1. Structure

TbO, has a face-centered cubic structure (space group
Fm3m) at room temperature. The upper stability of this phase
has not been studied in detail. The phase diagram suggested by
Lowe and Eyring'”” indicates that the TbO,_, is stable up to
about 1400 K.

3.14.2. Heat capacity and entropy

No measurements of the heat capacity of TbO, have been
made. The standard entropy has been estimated as

$°(298.15 K) = (86.9 +3.0) JK" mol !

from the systematics in the lanthanide and actinide oxides. In a
similar manner the high temperature heat capacity was esti-
mated as

Cp/(JK"mol™") = 73.259 + 13.2023 x 107*(T/K)
—1.0424 x 10%(T/K) 2.

3.14.3. Enthalpy of formation

The enthalpy of formation of TbO, was determined by
Stubblefield ez al.®** and Fitzgibbon and Holley Jr."® using
solution calorimetry. Both research groups reported results for
samples with varying O/Tb ratios. After recalculation and
extrapolation to O/Tb = 2.0, as shown in Fig. 5, we obtain for
the selected enthalpy of formation:

AH®(TbO,, cr, 298.15 K) = —(972.2 £ 5.0) kImol .
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TaBLE 18. The enthalpy of formation of phases in the TbO,-TbO, 5 system

Composition AH®(298.15 K) Authors
kJ mol !

TbO 510 —(933.4 & 3.6) Fitzgibbon and Holley, Jr.'*®
TbO 700 —(952.3 + 3.4) Fitzgibbon and Holley, Jr.'*®
TbO; 710 —(953.1 + 3.9) Stubblefield et al.®*
TbO; 500 —(966.1 + 3.3) Stubblefield et al.®*
TbO, 517 —(961.9 & 3.5) Fitzgibbon and Holley, Jr.'*8
TbO; 975 —(970.5 + 2.8) Fitzgibbon and Holley, Jr.'*®

The enthalpies of formation (recalculated) of the composi-
tions with various O/Tb ratios used for this calculation are
given in Table 18.

3.15. TbgO44(cr),Tb41050(cr),Th;,04(cr), Thb,045(cr)
3.15.1. Structure

In addition to the TbO,_, phase, a number of defined
stoichiometric Tb,,0,, phases were reported to exist: TbO g33
(TbgOq) as well as TbO; g3 (Tb;;0,() have a triclinic crystal
structure (P1), TbO,; 75 (Tb40-) has a cubic crystal structure
(Fm3m), and TbO, 714 (Tb;0,) has a trigonal crystal structure
(R3).

3.15.2. Heat capacity and entropy

Heat capacity data for the stoichiometric Tb,,0,, phases are
limited to the measurement for Tb,O- by Hill">? from 0.5 to 22
K, revealing an antiferromagnetic transition at and 7.85 K. For
that reason we recommend that the standard entropies and the
high temperature heat capacity are interpolated between TbO,
and Tb203.

3.15.3. Enthalpy of formation

The enthalpies of formation of a number of phases with
varying O/Tb ratios have been measured by Stubblefield
et al.** and Fitzgibbon and Holley Jr.'*® and the recalculated
values are listed in Table 18. As shown in Fig. 5, the experi-
mental enthalpies of formation of the Tb,O,, phases are in
good agreement and fit to a regular trend, slightly more non-
linear compared to the Pr-O system. We have interpolated the
enthalpies of formation of the Tb,,O,, phases from this trend as

AH®(TbO) g33, cr, 298.15 K) = —(945.8 £ 5.0) kImol ',
AH®(TbO, 815, cr, 298.15 K) = —(957.8 £ 5.0) kIimol ',
AH®(TbO) 750, cr, 298.15 K) = —(962.9 + 5.0) kImol ",
AH®(TbO) 714, cr, 298.15 K) = —(963.8 +5.0) kI mol .

3.16. Th,03(cr,l)
3.16.1. Polymorphism and melting point

Atroom temperature, terbium sesquioxide has the rare earth
cubic C-type structure (space group Ia3). Warshaw and Roy®’
found the C — B transformation at 2148 K. Foex and Tra-
verse'? determined this transformation temperature as 1823 K.

TaBLE 19. Temperature of melting of terbium sesquioxide (after Coutures and
Rand")

TfusK
Authors Reported ITS-90
Foex '’ 2663 2678
Mordovin et al.”® 2566 =+ 30 2569 =+ 30
Noguchi and Mizuno”' 2577 + 20 2580 =+ 20
Treswijatskii er al.” 2643 + 20 2642 + 20
Coutures et al.” 2683 + 10 2682 + 10

Shevthenko and LopatoI3 2673 2672
Selected value: 2682 + 15

The B — H transformation was also determined by Foex and
Traverse'” using thermal analysis at 2473 K. These values
must be converted to ITS-90 using the procedure outlined by
Coutures and Rand, "’ leading to a correction of +15 K. Lopato
et al.'' reported that the B — H transformation occurs at
2448 K and the H — X transformation close to the melting
point (2613-2643 K). No information on the calibration of
these measurements has been found, but assuming the data
refer to IPTS-68, a correction of —1 K needs to be applied to
convert to ITS-90. We select T,,, = (1823 + 30) K for the C —
B transformation and T,., = (2488 + 30) K for the B - H
transformation, solely based on the work of Foex and
Traverse.'”

The measurements of the melting temperature of Tb,0;
have been summarized in Table 19, which is based on the
IUPAC review by Coutures and Rand.'” The selected melting
point is (2682 + 15) K.

3.16.2. Heat capacity and entropy

The low-temperature heat capacity of Tb,Os; has been
measured by Hill'*® from 0.5 to 22 K, revealing an antiferro-
magnetic transition at 2.42 K. These results are too limited to
derive the standard entropy and the selected value for this
quantity is the value estimated by Konings'? from the trend in
the lattice component in the lanthanide sesquioxides and the
calculated excess contribution calculated from the crystal field
energies:

$°(298.15 K) = (159.2 4+ 3.0) JK~ " mol .

The high-temperature enthalpy increment of C-Tb,0; has
been determined by Pankratz e al.'"* from 414 to 1599 K. The
results have been fitted to a polynomial equation constrained to
C;(298. 15K)=116.0JK ' mol ', estimated in a similar way

as the entropy value. We thus derive for the heat capacity,

Cy/(JK ' mol™") = 120.6682 + 22.17194 x 107(T/K)
—1.00261 x 10°(T/K) 2

For the estimation of the enthalpy change of the C — B
phase transformation we accept the Hoekstra’s estimate for the

entropy of transition (6.3 J K" mol™"),"'® to give

A;H°(C — B) = (12 +4) kJmol .
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For the heat capacity of B-Tb,O3; we estimate
o o —1 -1
C,(B,T) =152 JK "mol .

Foex and Traverse'® found that the B — H transformation
corresponds to a strong peak in the DTA analysis. Wu and
Pelton™ argued that the B — H transformation has the same
entropy change as the C — H (see under Er,05;) for which they
suggested A,,,S°(B —H)=7.2] K~ ' mol™! from analysis of
Ln,05-Al,05 phase diagrams. For the entropy of fusion in
these systems they derived A,,S°(H — liquid) = 17.9] K™!

mol ! in a similar manner. These numbers would suggest an
appreciably lower sum for the entropies of the transformation
from C to liquid compared to Gd,O3, whereas an almost
constant value could be expected, based on the known data
for the lanthanide trifluorides.'® The selected values are
consistent with the latter assumption:

A,sH°(B — H) = (55 % 8) kimol !,
ApsH® = (83 +8) kJmol .

For the heat capacity of the high temperature modification H
and the liquid phase of Tb,O5; we estimate

Cy(H,T) =170 JK~" mol ",
o(1: _ —1 -1
C,(lig,T) = 182 JK™ " mol ™.

3.16.3. Enthalpy of formation

The enthalpy of formation of monoclinic cubic Tb,Oj3 has
been assessed by Cordfunke and Konings®* recently, and we
accept the selected values from that work, since no new
information has been published since

AfH®(Tby0s, cr, 298.15 K) = —(1865.2 + 6.0) kJmol ™.

This value is based on an analysis of two solution calori-
metry studies, as shown in Table 20. Stubblefield et al®*
measured the enthalpy of solution of Tb,Oj(cr) in 6.0
mol dm > HNOs(aq). However, the thermochemical reaction
cycle was considered to be not highly reliable, since not all the
auxiliary thermodynamic data important for that calculation
are known with sufficient accuracy. Fitzgibbon and Holley,
Jr."°® measured the enthalpy of formation of TbO, 5;¢(cr)
using a thermochemical cycle which involves the solution of
terbium metal and the oxide in 1.0 mol dm > HCl(aq) and

KONINGS ET AL.

6.0 mol dm > HNOs(aq), respectively. Different solvents
were used to avoid reduction of HNOj(aq) by terbium metal
and oxidation of some of the HCI by the oxide. In order to
combine the results in the two solvents, the enthalpy of
solution of terbium carbonate was measured in both solvents.
The enthalpy of formation of TbO; 5, was obtained by extra-
polation (Fig. 5), being in excellent agreement with the value
by Stubblefield er al.®*

3.17. Dy,05(cr,l)
3.17.1. Polymorphism and melting point

At room temperature, dysprosium sesquioxide has the rare
earth cubic C-type structure (space group /a3). Warshaw and
Roy®® found the C — B transformation at 2423 K. Foex and
Traverse'” and Lopato ef al.'' determined this transformation
temperature as 2223 K. In view of the approximate nature, no
attempt has been made to correct these values to ITS-90. The B
— H transformation was determined by Foex and Traverse'’
using thermal analysis at T = 2473 K. This values must be
converted to ITS-90 using the procedure outlined by Coutures
and Rand,'” leading to a correction of +15 K. Lopato et al."'
reported that the B — H transformation occurs at 2463 K. No
information on the calibration of these measurements has been
found, but assuming the data refer to IPTS-68, a correction of
—1 Kneeds to be applied to convert to ITS-90. We select T,,, =
(2223 + 30) K for the C — B transformation and T,,, = (2488
4 30) K for the B — H transformation, solely based on the
work of Foex and Traverse.'”

The measurements of the melting temperature of Dy,0;
have been summarized in Table 21, which is based on
the ITUPAC review by Coutures and Rand"’; the results
being corrected to ITS-90. The selected melting point is
(2680 £ 15) K.

3.17.2. Heat capacity and entropy

The low-temperature heat capacity of Dy,0O3 has been
measured by Justice and Westrum, Jr.'®" from 10 to 350 K.
At the lower temperature range, the tail of a thermal anomaly
was observed, which is related to the removal of the ground
state degeneracy. Extrapolation of these results to T =0 K, and
accounting for the 2RIn (2) contribution of the lowest level of
the ®H,s» ground state multiplet, gives for the entropy at

TasLE 20. The enthalpy of formation of Tb,Os(cr) at 298.15 K; AH{ and AH; are the enthalpies of solution of Tb(cr) and Tb,O3(cr) in HCI(aq), respectively (after

Cordfunke and Konings®*)

Authors Method® AHS/kJ mol™! AHS/kJ mol ™ AHO/KI mol !
Stubblefield et al.®* S (1.0)° —395.0+ 25 —1864.5 + 8.4
Fitzgibbon and Holley, Jr.'*® S (1.0)° —392.5 + 5.0 —1865.2 + 6.0
Selected value: —1865.2 £ 6.0

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in mol dm™".

Solvent was HNO;(aq).
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TaBLE 21. Temperature of melting of dysprosium sesquioxide (after Coutures
and Rand"®)

Ty /K

Authors Reported 1TS-90
Wisnyi and Pijanowski'"! 2613 + 20 2629 =+ 20
Foex '’ 2663 2678
Mordovin et al.*° 2566 + 30 2569 =+ 30
Noguchi and Mizuno”' 2501 =+ 20 2504 =+ 20
Treswjatskii et al.” 2633 + 20 2632 + 20
Coutures et al.” 2683 + 10 2682 + 10
Mizuno et al.** 2628 + 20 2615 £ 20

Shevthenko and Lopato'? 2673 2672
Selected value: 2680 £+ 15

T =298.15 K:
S°(298.15K) = (149.8 £0.15) JK ' mol .

The high-temperature enthalpy increment of Dy,O5 has
been measured by Pankratz and Kelly® from 417 to 1801
K. The results are in good agreement with the low temperature
heat capacity data. Pankratz and Kelly®® observed a minor
thermal anomaly between 1823 and 1863 K, whose origin is
not clear. Since the enthalpy effect is very small (<1 kJ mol ")
and has not yet been confirmed by other techniques, and similar
unconfirmed transitions have been reported by this group of
researchers for other rare-earth sesquioxides, we have
neglected it. The data have been fitted to a polynomial equa-
tion, constrained to C; =116.27 J K ' mol~! from the low-

temperature measurements,'®' yielding for the heat capacity:

Cy/(JK™"mol™") = 121.2302 + 15.27609 x 107*(T/K)
—0.84580 x 10°(T/K) 2.

For the heat capacity of B-Dy,O5; we estimate
o _ —1 ~1
C,(B,T) =155JK "mol .

For transition and fusion entropies we assume the same values
as for the iso-structural changes in Tb,Oj3, yielding
A, H°(C — B) = (14 £ 5) kI mol !,
A,sH°(B — H) = (554 8) kimol !,
ApH® = (834 8) kImol .

For the heat capacity of the high temperature H modification
and liquid phase of Dy,05; we estimate

Co(H,T) =173 JK~" mol ™
C;(lig, T) =188 JK " mol '

3.17.3. Enthalpy of formation

The enthalpy of formation of cubic Dy,03 has been assessed
by Cordfunke and Konings®* recently, and we accept the
selected values from that work, since no new information has
been published since

A/H®(Dy, 03, cr, 298.15K) = —(1863.4 + 5.0) kImol .

The selected value is based on the study by Huber, Jr.
et al."®* who used both solution calorimetry and oxygen bomb
combustion calorimetry (Table 22). The results from the ear-
lier publication by the same group'® based on the combustion
calorimetric measurements, seems to be less accurate, since
the sample of dysprosium metal was less pure than that used in
the later investigation.

3.18. Ho,05(cr,l)
3.18.1. Polymorphism and melting point

At room temperature, holmium sesquioxide has the rare earth
cubic C-type structure (space group la3). Foex and Traverse'’
found the C — B transformation at 2523 K and Lopato ef al."'
between 2463 K and 2493 K. The B — H transformation was
only determined by Foex and Traverse'® using thermal analysis
near 2573 K. The values of Foex and Traverse'’ values must be
converted to ITS-90 using the procedure outlined by Coutures
and Rand," leading to a correction of +15 K. We select T,
= (2538 £ 30) K for the C — B transformation and T,., = (2588
4 30) K for the B — H transformation.

The measurements of the melting temperature of Ho,O;
have been summarized in Table 23, which is based on
the TUPAC review by Coutures and Rand’’; the results
being corrected to ITS-90. The selected melting point is
(2686 £+ 15) K.

3.18.2. Heat capacity and entropy

The low-temperature heat capacity of Ho,O3 has been
measured by Justice and Westrum Jr.'®! from 10 to 350 K.

TaBLE 22. The enthalpy of formation of Dy,Os(cr) at 298.15 K; AH} and AHS are the enthalpies of
solution of Dy(cr) and Dy,05(cr) in HCl(aq), respectively (after Cordfunke and Konings’m)

Authors Method" AH/KJ mol™'  AHS/KJ mol™'  AH/K] mol !
Huber, Jr. et al.'® C —18652 + 3.8
Huber, Jr. et al.'®? c —1862.9 + 4.2

S (4.0)° —695.3 +2.9 —385.1 + 3.4 —1863.9 + 6.7
Selected value: —1863.4 £ 5.0

* C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the

solvent in mol dm—>.

bsolvent was HNO; (aq).
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TaBLE 23. Temperature of melting of holmium sesquioxide (after Coutures and

Rand")

T,./K
Authors Reported ITS-90
Foex'’ 2668 2683
Mordovin er al.*° 2626 + 30 2629 + 30
Noguchi and Mizuno”' 2603 =+ 20 2606 =+ 20
Treswijatskii er al.” 2643 + 20 2642 + 20
Coutures et al.” 2693 + 10 2692 + 10
Mizuno et al.** 2638 =+ 20 2625 =+ 20
Shevthenko and Lopato'? 2673 2672
Salikhov and Kan” 2664 + 10
Selected value: 2686 + 15

Extrapolation of these results to T = 0 K, and accounting for
the contribution of the lowest level of the °I;s/» ground state
multiplet, gives for the entropy at T = 298.15 K:

$°(298.15K) = (156.38 +0.15) JK ' mol !

The high-temperature enthalpy increment of Ho,O5 has
been measured by Pankratz et al.”° from 400 to 1799 K and by
Tsagareishvili and Gvelesiani'® from 397 to 1621 K. The
results of Pankratz er al.”® tend to be somewhat lower at the
lowest temperatures and moreover, do not agree particularly
well with the low-temperature heat capacity data (Fig. 10). Our
recommended heat-capacity equation is based on a polynomial
fit of the results of both studies. The equation is constrained to
C°=114.98 J K "' mol ™' from the low-temperature measure-
ments,'? thus agreeing better with the results of Tsagareishvili
and Gvelesiani'® in the low temperature range. We thus
obtain

Cp/(JK "mol™") = 121.9340 + 10.11623 x 10(T/K)
—0.886280 x 10°(T/K) 2.

For transition and fusion entropies we assume the same
values as for the isostructural changes in Tb,03, yielding
A, H°(C — B) = (16 +5) kI mol !,
AsH°(B — H) = (57 & 8) kimol !,
ApH® = (834 8) kImol .

KONINGS ET AL.
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Fic. 10. The reduced enthalpy increment (in J K™! mol") of Ho,03; o,
Tsagareishvili and Gvelesiani164; [, Pankratz et al.go; e, value derived from

the low-temperature measurements by Justice and Westrum ! ]3; the curve

shows the recommended equation.

For the heat capacity of the high temperature B and H
modifications and of liquid Ho,O3 we estimate

C;(Ho,03,B,T) = 135 JK~ " mol ',
C;(Hoo03,H, T) = 149 JK 'mol™!,
C;(Ho,03,lig, T) = 162 JK ™' mol .

3.18.3. Enthalpy of formation

The enthalpy of formation of cubic Ho,O3 has been assessed
by Cordfunke and Konings®* recently, and we accept the
selected values from that work, since no new information has
been published since

A7H®(Ho,03, cr, 298.15 K) = —(1883.3 +8.2) kJmol "

This value is based on the oxygen-bomb combustion calori-
metric measurements by Huber Jr. ef al.'® and the solution
calorimetric measurements of Ho,O5(cr) in 4.0 mol dm > HCl
(aq) by Morss et al.'® For the analysis of the latter study,
Morss et al.'° used an estimated enthalpy of solution of Ho(cr)
in the same medium, as the measurement of the latter quantity
by Stuve'®” was considered not reliable. Cordfunke and
Konings34 combined the enthalpy of solution of Ho,Os(cr)
in 4.0 mol dm > HCl(aq) with the enthalpy of solution of
HoClj(cr) in the same medium by Stuve,'®’ obtaining a value
in good agreement with the combustion value (see Table 24).

TaBLE 24. The enthalpy of formation of Ho,Os(cr) at 298.15 K; AH] and AHj are the enthalpies of
solution of Ho(cr) and Ho,O3(cr) in HCl(aq), respectively (after Cordfunke and Koningsg4)

Authors Method® AHS/kJ mol ™! AH3/KJ mol ™! AHO/KT mol ™!
Huber Jr. e al.'® C —1881.0 £5.0
Morss et al.'®® S (4.0) —379.1 +£5.2°  —1887.3 +9.5¢
[-710.5 + 7.1 —1900.3 + 15.1

—1885.7 +7.3¢

Selected value: —1883.3 £ 8.2

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the

solvent in mol dm ™ H

Puncertainty recalculated.
“‘using AH{ = —704 £ 4 as suggested by Morss ef a
deycle based on HoCly as explained in the text.
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TaBLE 25. Temperature of melting of erbium sesquioxide (after Coutures and
Rand")

T;./K
Authors Reported ITS-90
Foex'’ 2673 2688
Mordovin er al.*° 2661 + 30 2664 + 30
Noguchi and Mizuno”' 2618 + 20 2621 =+ 20
Treswijatskii er al.” 2663 + 20 2662 + 20
Coutures et al.” 2693 + 10 2692 + 10
Mizuno et al.** 2648 + 20 2636 =+ 20
Shevthenko and Lopato'? 2693 2692
Salikhov and Kan®? 2686 + 10
Selected value: 2690 + 15

3.19. Er,05(cr,l)
3.19.1. Polymorphism and melting point

At room temperature, erbium sesquioxide has the rare earth
cubic C-type structure (space group /a3). Foex and Traverse'’
found the C — H transformation near T = 2523 K using
thermal analysis. This value must be converted to ITS-90 using
the procedure outlined by Coutures and Rand,'” leading to a
correction of +15 K. Lopato et al."" found the transformation at
2593 K. No information on the calibration of these measure-
ments has been found, but assuming the data refer to IPTS-68,
a correction of —1 K needs to be applied to convert to ITS-90.
We select T,,, = (2538 & 30) K, solely based on the results of
Foex and Traverse.'”

The measurements of the melting temperature of Er,O3
have been summarized in Table 25, which is based on the
IUPAC review by Coutures and Rand'? ; the results being
corrected to ITS-90. The selected melting point is (2690 +
15) K.

3.19.2. Heat capacity and entropy

The low-temperature heat capacity of Er,Os; has been
measured by Justice and Westrum Jr.'®" from 10 to 350 K.
Extrapolation of these results to T = 0 K, and accounting for
the 2RIn(2) contribution of the lowest level of the °1;s/» ground
state multiplet. Tang er al.'®® found by calorimetric measure-
ments in the temperature range 1.5 to 15 K that Er,O5 orders
antiferromagnetically with Néel temperature of 3.3 K. The
entropy associated with the measured peak is close to 3/4 of
2RIn(2). Since there are two nonequivalent Er’' sites in Er, 03,
occurring in the ratio 3:1, the observed anomaly corresponds
to the ordering of one of the sites, the ordering of the
other occurring at lower temperature. The total entropy at
T = 298.15 K derived from these results is

S°(298.15K) = (153.13+£0.15) JK ' mol "

The high-temperature enthalpy increment of Er,O3 has been
measured by Pankratz et al.”® from 399 to 1797 K and by
Tsagareishvili and Gvelesiani'®® from 387 to 1625 K. The
results of Pankratz er al.’° tend to be somewhat lower at the
lowest temperatures (Fig. 11). Our recommended heat-capa-
city equation is based on a polynomial fit of the results of both
studies. The equation is constrained to C; = 10849 J K !
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Fic. 11. The reduced enthalpy increment (in J K mol") of Er,O3; o,

Tsagareishvili and Gvelesiani169; [, Pankratz et al.go; e, value derived from

the low-temperature measurements by Justice and Westrum Jr.'(’l; the curve

shows the recommended equation.

mol ™! from the low-temperature measurements.'®’ We thus
obtain

Cy/(JK "mol™") = 123.2921 + 8.62245 x 107*(T/K)
—1.54433 x 10°(T/K) 2.

Wu and Pelton’? argued that the C — H transformation has a
significant entropy effect, as changes in the liquidus slopes can
be observed in the Er,O;-Al,03; and Ho,03-Al,0O3 phase
diagrams. From the limiting slope at the Ln,O5 side and the
change in slope at the transformation temperatures they
derived A,S°(C —» H) = 7.2 J K 'mol !, and A,,S°(H —
liquid) = 17.9 T K~ ' mol~". These numbers would suggest an
appreciable lower sum for the entropies of the transformation
from the C form to the liquid phase compared to the other cubic
lanthanides, whereas an almost constant value could be
expected, based on the known data for the lanthanide trifluor-
ides."® Our selected values are based on the assumption that
the entropy changes for the C — H transformation and fusion
are identical to those of Y,0O; as measured by Shpil’'rain
et al."’® using drop calorimetry:

A, H°(C — H) = (25+5) kI mol !
ApsH® = (83 £5) kImol ™!

For the heat capacity of the high temperature modification H
and liquid Er,O; we estimate

C;(Er,03,H,T) = 162 JK ' mol ',
C;(Er,03,1ig, T) = 176 JK~" mol .

3.19.3. Enthalpy of formation

The enthalpy of formation of cubic Er,O3 has been assessed
by Cordfunke and Konings®* recently, and we accept the
selected values from that work, since no new information has
been published since

A/H°(Er,03, cr,298.15 K) = —(1900.1 +6.5) kJmol .

This value is based on an analysis of the calorimetric studies
listed in Table 26. Huber Jr. et al.'”" and Spedding et al.”’
determined the enthalpy of formation of Er,O5(cr) by oxygen
bomb calorimery. The derived values differ considerable, but
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TaBLE 26. The enthalpy of formation of Er,Os(cr) at 298.15 K; AHS and AH; are the enthalpies of solution of Er(cr) and
Er,03(cr) in HCl(aq), respectively (after Cordfunke and Konings34)

Authors Method® AHS/kJ mol ™ AHS/kJ mol ™! A/H/K] mol ™!
Huber Jr. et al.'™! C —1897.8 £3.8
Spedding ez al.”’ C —1762.8
Montgomery and S (1.40) [-705.6 £ 1.4]° —370.6 £ 3.7 —1898.2 £ 4.6
Stuve'”?

Morss ef al.'®® S (1.40) —364.6 &+ 1.9° —1904.2 £ 3.4
Selected value: —1900.1 + 6.5

C: combustion calorimetry; S: solution calorimetry; values in parentheses give the concentration of the solvent in mol dm ™.

°Fu ger and Morrs.' 7

“Uncertainty recalculated.

the work of the former authors is considered to be much more
reliable due to the fact that the erbium metal used was well
characterised. This is supported by the good agreement with
the enthalpy of formation values derived from solution calori-
metry ~1.4 mol dm > HCl(aq) by Montgomery and Stuve'’*
and Morss et al.'®® These values were combined with the
enathlpy of solution of Er(cr) by Fuger er al.'”?

3.20. Tm,O03(cr,l)
3.20.1. Polymorphism and melting point

Atroom temperature, thulium sesquioxide has the rare earth
cubic C-type structure (space group Ia3). Foex and Traverse'®
found the B — H transformation near T = 2573 K using
thermal analysis. This value must be converted to ITS-90 using
the procedure outlined by Coutures and Rand,"” leading to a
correction of +15 K. We thus select T,,, = (2588 £ 30) K.

The melting temperature of Tm,0O3 has been measured by
Treswjatskii ef al.>* to be (2653 4 20) K. However, the melting
temperature determinations of the lanthanide sesquioxides by
these authors are systematically low by 30-50 K compared to
our selected values. Shevthenko and Lopato'® measured the
melting point to be T = 2683 K, which would be T =2682 K on
ITS-90. Coutures ez al.>* estimated the melting temperature as
(2698 £ 20) K from the trend in the lanthanide sesquioxides.
We select Tp,; = (2682 £ 30) K.

3.20.2. Heat capacity and entropy

The low-temperature heat capacity of Tm,O5; has been
measured by Justice et al.'”* from 6 to 350 K. They obtained
$°(298.15 K) — S°(10 K) = 138.70 J K~ ' mol !, and extra-
polated the results to T = 0 K using lattice and electronic
contributions. This gives

S°(298.15K) = (139.74+0.4) JK ' 'mol .

The high-temperature enthalpy increment of Tm,0O5 has
been measured by Pankratz et al.”’ from 397 to 1801 K and
Tsagareishvili and Gvelesiani'* from 397 to 1607 K. These
data are in fair agreement, but both are somewhat low at the
lowest temperatures compared to the low-temperature data
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(Fig. 12). At high temperatures the results tend to diverge, the
results of Tsagareishvili and Gvelesiani'*® being significantly
higher. Moreover, the results of Pankratz et al.’® indicate a
minor thermal anomaly near 1680 K, whose origin is not clear.
Since the enthalpy effect is very small (~ 1.3 kJ mol '), and
similar unconfirmed transitions have been reported by this
group for other rare-earth sesquioxides, we have neglected it.
Our recommended heat-capacity equation is based on a poly-
nomial fit of the results of both studies, but since the results of
Pankratz et al.”® cover a wider temperature range, they dom-
inate the high temperature part of the curve. The equation is
constrained to C, = 116.73 J K~ 'mol™" from the low-tem-

perature measurements.'®’ We thus obtain

Cp/(JK"mol™") = 128.4322 + 5.23209 x 10*(T/K)
—1.17891 x 10°(T/K) 2.

The entropies of the C — H transformation and melting are
assumed to be the same as for Er,O5. This yields

ArrsHo(C i H) = (26 + 5) kJmolfl,
ApsH® = (83 +8) kJmol .

For the heat capacity of the high temperature modification
H and liquid Tm,05 we estimate

C;(Tmy03,H,T) = 155 JK~" mol !,
C;(Tmy03, lig, T) = 168 JK ™' mol .
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Fic. 12. The reduced enthalpy increment (in J K~ "mol™") of Tm,05; o,
Tsagareishvili and Gvelesianilzg; [, Pankratz et al.%; e, value derived from
the low-temperature measurements by Justice ef al.'’*; the curve shows the
recommended equation.
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3.20.3. Enthalpy of formation

There is only one determination of the standard molar
enthalpy of formation of cubic thulium sesquioxide, which
was performed by Huber Jr. er al.'”® using oxygen-bomb
combustion calorimetry, and this value was selected by Cord-
funke and Konings™*:

AH®(Tm, 03, cr, 298.15 K) = —(1889.3 + 5.7) kJ mol .

Itis the weighted mean of the results for two samples of Tm(cr)
containing significantly different amounts of impurities. Also
the extent of combustion varied significantly (88.67% to
99.67% of completion). After correction, Huber Jr. et al.'”
obtained the values AH°(298.15 K) = —(1894.8 £ 8.3)
kJ mol ' and AH®(298.15 K) = —(1884.3 £ 7.9) k] mol !,
respectively.

3.21. Yb,O5(cr,l)
3.21.1. Polymorphism and melting point

At room temperature, ytterbium sesquioxide has the rare
earth cubic C-type structure (space group Ia3). Foex and
Traverse'” found the B — H transformation very close to the
melting point. Lopato e al.'' reported this transformation 20 K
below the melting point. We thus select T,,, = (2687 £ 20) K.

The measurements of the melting temperature of Yb,05
have been summarized in Table 27, which is based on
the IUPAC review by Coutures and Rand'’; the results
being corrected to ITS-90. The selected melting point is
(2707 £ 15) K.

3.21.2. Heat capacity and entropy

The low-temperature heat capacity of Yb,Oj3 has been
measured by Justice and Westrum Jr.'"? from 10 to 350 K.
They obtained $°(298.15 K) — S°(10 K) = 121.42 J K
mol . They extrapolated the results to T = 0 K, and added
2R In (2) for the contribution of the ground state doublet of the
split °F,/, multiplet. Li ez al.'’® confirmed this by calorimetric
measurements in the temperature range 1.5-15 K. These
measurements reveal that Yb,O5 orders antiferromagneti-
cally with Néel temperature of 2.3 K, with an entropy close to

TaBLE 27. Temperature of melting of ytterbium sesquioxide (after Coutures
and Rand'®)

T,./K
Authors Reported ITS-90
Foex'’ 2693 2708
Mordovin et al.** 2646 + 30 2649 + 30
Noguchi and Mizuno®' 2628 =+ 20 2631 =+ 20
Treswijatskii ef al.”? 2673 + 20 2672 + 20
Coutures et al.” 2708 + 10 2707 + 10
Mizuno et al.”* 2660 + 20 2648 + 20
Shevthenko and Lopato'? 2723 2722
Selected value: 2707 £ 15
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FiG. 13. The reduced enthalpy increment (in J K" mol™") of Yb,05; o,

Tsagareishvili and Gvelesianilzg; [, Pankratz et al.go; e, value derived from

the low-temperature measurements by Justice er al.'’*; the curve shows the
recommended equation.

2R In (2). Thus, we obtain for the entropy at T = 298.15 K:

S°(298.15K) = (133.1+£0.3) JK " mol "

The high-temperature enthalpy increment of Yb,0O; has been
measured by Pankratz et al.”® from 400 to 1798 K and Tsagar-
eishvili and Gvelesiani'*’ from 384 to 1588 K. These data are in
good agreement, and fit the low-temperature heat capacity data
very well (Fig. 13). Our recommended heat-capacity equation is
based on a polynomial fit of the results of both studies, which is
constrained to C) = 115.35J K" mol ™' from the low-tempera-
ture measurements.''> We thus obtain

Cp/(JK™"mol™") = 130.6438 4 3.34628 x 10*(T/K)
— 1.44820 x 10°(T/K) >

The entropies of the C — H transformation and melting are
assumed to be the same as for Er,O5. This yields
A, H°(C — H) = (27 £ 5) kimol !,
ApsH® = (84 4+ 8) kJmol .

For the heat capacity of the high temperature modification H

and liquid Yb,05; we estimate

C;(Yb03,H,T) = 134 JK ™' mol ',
C;(Yby03,lig, T) = 146 JK ™' mol .

3.21.3. Enthalpy of formation

The only experimental value has been reported by Huber Jr.
et al.,' based on the results of oxygen-bomb combustion
calorimetric measurements of 97.2 mass % pure Yb(cr) sam-
ple. This value, which includes a careful correction for impu-
rities, was adopted by Cordfunke and Konings** with an
increased uncertainty, and is also selected here

AH®(Yb,0s, cr, 298.15 K) = —(1814.5 =+ 6.0) ki mol "

3.22. LU203(Cr,|)
3.22.1. Melting point
At room temperature, lutetium sesquioxide has the rare

earth cubic C-type structure (space group a3), which is stable
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TaBLE 28. Temperature of melting of lutetium sesquioxide (after Coutures and
Rand")

Trd/K

Authors Reported ITS-90
Mordovin et al.*® 2741 + 30 2744 + 30
Noguchi and Mizuno®! 2700 £+ 10 2704 + 10
Coutures et al.” 2763 £ 10 2762 + 10
Shirvinskaya and Popova'”’ 2643 2642
Mizuno et al.** 2733 £ 20 2722 420
Shevthenko and Lopato'3 2783 2782
Selected value: 2762 + 15

up to the melting point. The measurements of the melting
temperature of Lu,O5; have been summarized in Table 28,
which is based on the review by Coutures and Rand'®; the
results being corrected to ITS-90. The selected melting point is
(2762 + 15) K.

3.22.2. Heat capacity and entropy

The low-temperature heat capacity of Lu,O; has been
measured by Justice er al.'”* from 6 to 350 K. The standard
entropy derived from these data is

S°(298.15K) = (109.96 & 0.13) JK~ ' mol .

The high-temperature heat capacity is derived from the
enthalpy drop calorimetric measurements by Pankratz and
Kelly® and Yashvili e al.,*° which are in excellent agree-
ment (Fig. 14). The experimental data have been fitted to
a polynomial equation, with boundary condition C;(298.15)
= 101.75 T K 'mol ' from the low-temperature measure-
ments:'"*

Cp/(JK"mol ™) = 122.4593 +7.29001 x 10~*(T/K)
—2.03414 x 10°(T/K) 2.

This equation is extrapolated to the melting point. Neither the
heat capacity of the liquid phase nor the enthalpy of fusion are
known. Our estimates for these quantities are approximate
values obtained from the trend in the lanthanide sesquioxide
series and comparison to the lanthanide trifluorides:

C;(Luy03, lig, T) = 152 JK~" mol .

AgsH®(Luy03) = (113 4 10) kJ mol "

3.22.3. Enthalpy of formation

The standard enthalpy of formation of cubic Lu,O5(cr) is
based on the oxygen-bomb combustion calorimetric study by
Huber Jr. et al.'’”® These authors used two well-analysed
samples of lutetium metal, and obtained for the enthalpy of
formation the values A;H°(298.15 K) = —(1891.8 + 14.2)
kJ mol ' and AH®(298.15 K) = —(1870.9 = 9.1) kJ mol !,
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Fic. 14. The reduced enthalpy increment (in J K~ 'mol™") of Lu,05; o,
Yashvili et al.30; [, Pankratz and Kelly65 ; o, value derived from the low-
temperature measurements by Justice et al.'™; the curve shows the
recommended equation.

after correction for impurities. As suggested by Cordfunke and
Konings®* the weighted mean of the two results is selected

AfH®(Lu, 03, cr, 298.15 K) = —(1877.0 +7.7) kJmol "

4. The Gaseous Lanthanide Oxides

4.1. LaO(g)
4.1.1. Heat capacity and entropy

Thermal functions of LaO(g) in the standard state have been
calculated using the molecular constants given in Table 29.

The molecule of LaO is well investigated. Seven electronic
states X°2", AA, A%, B>Z', C°I1, D°', and F°X" were
observed and analyzed in emission and absorption spectra.
The comprehensive reviews of spectral data published before
1975 were given by Huber and Herzberg'”® and up to 1980 by
Gurvich et al."® Later numerous works were done to improve
the molecular constants of LaO by Bernard and Sibai,I81
Suarez,182 Carette,183 Bernard and Vergés,]84 and Steimle
and Virgo'® using traditional methods of investigation; by
Bernard et al.'® and Childs e al.'®” applying the laser induced
fluorescence method; by Suenram et al.'®® and Torring
et al.,'"® who studied the microwave rotational spectrum
of LaO. The fundamental frequencies for La'®0 and La'®*0
were observed in Ar-matrix by Andrews er al.'*® (796.7
and 756.1 cm™! for, respectively), and by Zhang er al.'®!
(796.7 and 756.8 cm ™", respectively) Taking into account the
matrix shift the fundamental frequencies obtained in matrices
are in agreement with the gas phase data.

Ab initio results for the ground state of LaO by Hong
et al.,192 Dolg and Stoll,193 Dolg et al.,194 and Cao et al.'”?
show remarkable agreement with the experimental data. Ab
initio calculations for excited states predicted also the exis-
tence of the unobserved doublet states 2, 2A, 21'[, 2y by
Marquez et al.'”® and Kotzian et al."”” and quartet states1TI,
1*®, 1*A and 2*TI by Schampsand er al.'®® The Ligand field
calculations by Kaledin er al.'®® and Schampsand ez al.'®®
resulted in the configuration assignment of the experimentally
known states. The existence of the quartet state at the energy
17200 + 800 cm ™" was confirmed by Klingeler er al.>*® when
studying the photoelectron spectra of LaO ™. All the theoretical
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TaBLE 29. Molecular constants of LaO(g)

T, o, OuX, B. «,10° D107 ,
No. State em™! pm Di
0 xX=" 0 817.026 2.1292° 0.3525201 1.424° 2.63 182.5 2
1# A’ Ay, 7493 .4 2
2¢ A’ ?Asp 8191.2 2
3¢ A’TI 13094.53 4
4° ) 17878.73 2
5¢ 1 22740.38 4
6" D’ 26958.96 2
74 s 28 015 4
8¢ 17 200 8
9d 18 500 8
104 21 200 8
114 24 000 20
12¢ 25900 8
13¢ 30 200 12
144 35 000 30
154 40 000 36

“Experimental state.

Pweye = —3.15x 103 cm™ .
Cap10° = —2.97 cm ™.
YEstimated state.

data with some corrections were used in the present work to
estimate unobserved electronic states (see Table 29).

The accepted constants for the 23" state (see Table 29) were
obtained from the analysis of the high-resolution laser excited
fluorescence B’X" - X°X" transition (V' < 4,v" <5) by
Bernard et al.'®® In their treatment the authors fixed rota-
tional constants at the very precise values derived by Torring
et al."®® from the microwave spectrum for the levels v = 0-2.
The selected vibrational constants quite well describe the
extensive but less accurate data given by Schoonveld and
Sundaram®®' for v/ < 11.

The derived standard entropy at room temperature is

$°(298.15 K) = (239.594 +0.03) JK ' mol .

and the coefficients of the equations for the heat capacity are

Cy/(JK "mol™") = 28.0550 + 21.9688 x 10*(T/K)
—19.25691 x 10~°(T/K)* + 6.083418
x 107°(T/K)* — 1.145313
x 10°(T/K) 2

for the 298.15 —1200 K range, and
o —1 -1\ __ -3
Cp/( JK™ mol™") =41.7593 — 6.82858 x 107°(T/K)
+3.529957 x 107°(T/K)?

—0.281197 x 10~°(T/K)?
—1.500459 x 10°(T/K)*

for the 12004000 K range.

4.1.2. Enthalpy of formation

Results of determination of LaO(g) enthalpy of formation
are presented in Table 30. The experimental data considered in
the calculations consist mainly of Knudsen effusion, mass

spectrometric, and combined measurements. In an early inves-
tigation of lanthanum sesquioxide vaporization behavior’**
using Knudsen effusion method, the principal mode of vapor-
ization from tungsten cell was found to be

La,O3(cr) = 2La0O(g) + O(g),

with the steady-state condition corresponding to slightly sub-
stoichiometric composition La,0O, ¢4, and thermochemical
assessment of the mass-loss data was made according to this
equation. In a later detailed study by Ackermann and Rauh®®®
it was found, however, that evaporation from tungsten results
in LaO partial pressures higher than in the case of evaporation
from rhenium cell, due to significant decrease of oxygen
pressure for substoichiometric lanthanum sesquioxide. In the
case of arhenium cell, a substantially lower reducing effect of
the cell material was found. From the data obtained by Ack-
ermann and Rauh®”® it follows that Knudsen effusion data
assessed under assumption of congruent lanthanum sesqui-
oxide vaporization will lead to overestimated LnO stability.
The only exception is the set of experimental data for lantha-
num sesquioxide vaporization®”? from the rhenium effusion
cell, corrected for slight deviation of the sample composition
from exact stoichiometry.

The first mass spectrometric determination of the enthalpy
of formation of LaO(g) has been carried out by Chupka ez al.***
who investigated the La,Os(cr) + La(l) system. Later,
Ackermann and Rauh®* investigated the same system in more
detail using a combination of Knudsen effusion and mass
spectrometry. It was shown that the vapor pressure of La in the
system is slightly lower than over pure lanthanum but tends to
that at decreasing temperatures. In general, the measurements
performed in both investigations can be used in selecting of
recommended value for the enthalpy of formation of LaO(g),
with more weight to more precise and reliable data of
Ackermann and Rauh.**
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TasLE 30. The enthalpy of formation of LaO(g), in kJ mol ™!

Authors T/K Method* Reaction AH°(298.15 K) AH®(298.15 K)
Chupka er al.*** M 1775-1865 La(g) + {La,Os(cr) = LaO(g) 348.8 £ 19 —105.1 £ 20
Goldstein er al.*"? K 2234-2441 La,05(cr) = 2La0(g) + O(g) 17742 + 8.3 —1333 4 10
Smoes et al.>”’ M 1810-2220 ScO(g) + La(g) = Sc(g) + LaO(g) ~119.3+ 6.8 —1227+8
M 18902270 YO(g) + La(g) = Y(g) + LaO(g) —81.0+£72 —120.6 £8
Ames et al.”* M 1890-2220 Y(g) + LaO(g) = YO(g) + La(g) 77.0 £ 7.1 —1166 +8
M 18702080 Sc(g) + LaO(g) = ScO(g) + La(g) 111.8 £ 6.7 —1152£8
Coppens et al.>”’ M 1877-2088 SiO(g) + La(g) = Si(g) + LaO(g) —2.0+78 —1208 +9
Coppens et al.”* M 2146-2270 B(g) + LaO(g) = BO(g) + La(g) —115+13 —113.7 £ 15
Ackermann and Rauh®*? K (W cell) 2258-2427 La,O3(cr) = 2La0O(g) + O(g) 1785.6 + 6.8 —127.6 £ 8
M/K (Re cell) 18002300 La,03(cr) = 2La0(g) + O(g) 1801.9 + 12 —119.4 £ 8
M/K 1516-1904 La,O5(cr) + La(l) = 3LaO(g) 14357 + 5.8 —1186 + 4
M 1783-2184 La(g) + YO(g) = LaO(g) + Y(2) —82.4 + 6.7 —1220+8
Parr®'® M/P Dy(LaO) = 793.7 + 3.0 —118.7 £ 4
Gole and Chalek>” C Dy(La0) > 790.1 + 4.2 <-115145
Selected value: Dy(LaO) = 796.1 + 8 —119.0 £ 8

“K = Knudsen effusion; M = mass spectrometry; P = photoionization; C = beam-gas chemiluminescence.

Several mass spectrometric works deal with the LaO(g) +
M(g) oxygen exchange reactions.”” 2% Only reactions
without other lanthanides were taken into consideration. All
MO molecules involved are characterized by reliable values of
enthalpy of formation, taken from the reference book “Ther-
modynamic Properties of Individual Substances.””"'*°

The selected value

A/H°(LaO, g, 298.15K) = —(119 + 8) kI mol ™'

is taken as rounded average of the third-law values calculated
from all mentioned works except data of Goldstein e al.>** and
Ackermann and Rauh*”* on evaporation of lanthanum sesqui-
oxide from tungsten cells. The data on chemiluminescence>"’
and photoionization of LaO molecules®'” confirm the selected
value. The selected enthalpy of formation corresponds to a
dissociation energy of LaO molecule Dy(LaO) = (796 =+ 8)
kJ mol "

4.2. CeOy(g)
4.2.1. Heat capacity and entropy

The infrared spectrum of the CeO, molecule isolated in inert
gas matrices has been determined by DeKock and Weltner
Jr.,z” Gabelnick et al.>'? and Willson and Andrews.?'? The
results indicate that the molecule has a bent structure (C,,), an
approximate bond distance of 188 pm was derived.”'? This
geometry was confirmed by quantum chemical calculations by
Heinemaan et al.,2'4 Hiulsen et al.,2'5 and Todorova et al.>'®
We have selected the bond distance (182 pm) and bond angle
(126°) from the CASPT2 computations by Todorova et al.>'®
The experimental values for the stretching frequencies,
v; =757 cm™ " and v3 = 737 cm ™' have been adopted here.
The experimental bending frequency, v, = 262 cm™ ! that is
selected for the calculations of the thermal functions, is
significantly higher than the value derived from the CASPT2
calculations, v, = 102 cm~'.2'° DeKock and Weltner, .21
studied the electronic spectrum of CeO, and found no elec-
tronic levels below 15 000 cm ™. In our calculations we have
included some estimated higher energy levels (Table 31). The
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derived entropy at room temperature is

S°(298.15K) = (274.417 +3.0) JK~ ' mol ™"

and the coefficients of the equations for the heat capacity are

Cy/(JK ' mol™") = 37.7646 + 55.1209 x 107*(T/K)
— 57.1816 x 107%(T/K)? + 21.2692
x 107°(T/K)* — 2.6077
x 10°(T/K) 2

for the 298.15-900 K range, and

Cy/(JK ™" mol™") = 55.9864 +2.90431 x 107*(T/K)
— 14361 x 107°(T/K)* + 0.25254
x 107°(T/K)* — 1.11908
x 10°(T/K) 2

for the 9004000 K range.

4.2.2. Enthalpy of formation

Vapor pressure measurements of CeO, have been reported
by Shukarev and Semenov,217 Benezech and Foex,218 Piacente
et al.”" and Ackermann and Rauh.’’’ The results by
Shchukarev and Semenov (transpiration method) and
Benezech and Foéx (mass spectrometry) are very different
from those obtained by Ackermann and Rauh®* and by

TaBLE 31. The molecular parameters for CeO,(g)

Parameter Value
Ground electronic state A,
Symmetry group Cyy
Symmetry number, ¢ 2
Lulgle (g cm®)? 6.984 x 107"

Vibrational frequencies (cm ™)
Electronic states (cm™")°

757.0, 264, 736.8
0(1), 18000(2), 19000(2),
22000(2), 24000(2), 25000(2)

“Product of moments of inertia.
PNumbers in parentheses represent the statistical weights.
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TaBLE 32. The enthalpy of formation of CeO,(g) at 298.15 K

Authors Method* T/K reaction AH®(298.15 K)/kJ mol !
Ackermann and Rauh?*” ME 1846-2318 Ce,03:4(cr) = (1—x)CeO(g)+(14x) CeOs(g)" —542.8 + 8.2
Piacente er al.”"® K/M 1736-2067 CeOs(cr) = CeO,(g) —532.4 4 2.0
K/M 1933-2134 Ce(g)+Ce05(g) = 2CeO(g) —573.8 £ 16.3
Staley and Norman®>? K/M 1845-1975 Ce0s(g) = CeO(2)+0.50,(2) —415.7 + 8.0°
K/M 1845-1975 CeO(g)+Ca0(g) = CeO,(g)+Ca(g) —511.5 + 22.5°
Younés et al.*! K/M 1720-2040 Ce(g)+Ce05(g) = 2Ce0(g) —599.3 4 9.6°
K/M 1720-2040 La(g)+CeO,(g) = LaO(g)+CeO(g) —593.8 + 12.3°
K/M 1720-2040 CeO(2)+U05(g) = CeO,(g)+ UO,(2) —489.4 + 17.9°
K/M 1720-2040 Ce0,(g)+U0(g) = CeO(g)+U0,(g) —565.7 + 17.7°
Selected value: —538 £ 20

“ME = mass effusion; K/M = Knudsen-cell mass spectrometry.

PPartial vapor pressures of CeO(g) and CeO,(g) measured over the congruently vaporizing composition (cvc).

“Derived from second-law values given by the authors.

Piacente et al.>'® Moreover, the results have been presented in
graphical form only.

Ackermann and Rau measured the vapor pressure of
the congruently vaporizing composition and of Ce,O5 o3(cr),
corresponding to the reaction:

h22()

Ce,03.x(cr) = (1 —x)CeO(g) + (1 + x)CeOz(g).

The enthalpy of formation derived from this study are
summarized in Table 32. Piacente ez al.>'? studied the equili-
brium between solid and gaseous CeO, by means of Knudsen
effusion mass spectrometry, and have been interpreted as
congruent vaporisation. In addition, these authors have studied
the isomolecular exchange reaction:

Ce(g) + CeOy(g) = 2CeO(g).

This reaction has also been studied by Younés et al.,”*' who

reported, however, only second-law enthalpies of reaction.
Younés et al.**!" also reported results for isomolecular reac-
tions with La, UO, and UO,, again giving only the second-law
enthalpies of reaction (see Table 32). Staley and Norman®**
studied the isomolecular exchange reaction involving CeO(g)
and CeO5(g), as well as the isomolecular exchange reaction
with CaO(g), but also in this work only second-law enthalpies
of reaction have been given (Table 32).

The variation in the values obtained is large, particularly
among those derived from the second-law analysis, and the
selected value for AyH® of CeO,(g) is the average of the
(third-law) values derived from the work of Ackermann and
Rauh??” and Piacente et al. ,219 which we considered the most
reliable

A/H®(298.15 K) = —(538 =+ 20) ki mol .

4.3. CeO(9g)
4.3.1. Heat capacity and entropy

The thermal functions of CeO(g) in the standard state have
been calculated using the molecular constants presented in
Table 33.

The analyses of 34 electronic transitions of CeO was
performed by Barrow et al.,223 Linton et al.,zz4 Linton
et al.,” Linton and Dulick,>*® Linton et al.,”?’ Kaledin
et al."® and Todorova et al.*>'® As a result, all 16 lower
electronic states belonging to the lowest 4f6s electron config-
uration of CeO were identified (see Table 33). The configura-
tion assignment for the lower states of these transitions was
shown to be doubtless.'””"!7%??-232 On the other hand, the
configuration assignments for the upper states of these transi-
tions were shown to be contradictory.'®”'?*23*723% Certainly
these upper states should belong to the 4f6p, 4f5d, and 4f
superconfigurations or to the mixed configurations. The esti-
mated statistical weights are presented at fixed energies in
Table 33, which are calculated assuming the energy intervals
for 4f6p, 4f5d, and 4f> states to be 7000-36 000 cm ™", 12 000
25000 cm ™', and 17 000-45 000 cm ™", respectively. The 657,
5d6s, 6s6p, 6p2, 5d%, and 4f6s states are taken into account in
the interval 30 000-45 000 cm ™.

The derived standard entropy at room temperature is

S°(298.15 K) = (246.099 +0.10) JK~' mol ™!

and the coefficients of the equations for the heat capacity are

Cy/(JK™"mol™") = 22.01944 + 55.5050 x 10(T/K)
— 43.14095 x 107°(T/K)* + 10.89494
x 107°(T/K)* — 4.23189
x 104(T/K) 2

for the 298.15-1300 K range, and

Cy/(JK 'mol™") = 62.79967 — 17.53953 x 10*(T/K)
+5.431417 x 107°(T/K)? — 0.487485
x 107°(T/K)® — 4.947446
x 10°(T/K) 2

for the 13004000 K range.

4.3.2. Enthalpy of formation

The results of the determination of the enthalpy of formation
of CeO(g) are presented in Table 34. Several mass spectro-
metric measurements of isomolecular oxygen exchange
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TaBLE 33. Molecular constants of CeO(g)

KONINGS ET AL.

T, w, WX, B, a,10° D,10’ p

No. State em™! pm Di

0* X(1)2 0 829.5 2.6 0.3553 1.6° 2.46° 181.198 2
1" (D3 82 2
2° (H1 812.7 2
3 (22 911.8 2
4* (Ho 1678.6 1
5° )1 1875.3 2
6" (2)0 1925.3 1
7 (D4 2042.6 2
8! (2)3 2142.6 2
9* 2)4 2618.4 2
10* (3)3 2771.3 2
11" 3)4 3462.2 2
12¢ 3)1 3435.0 2
13* 3)0 3818.8 1
14* 41 4134.1 2
15* 4)0 4458.0 1
16° 7000 7
17° 10 000 22
18° 15 000 58
19° 20 000 72
20° 25 000 56
21° 30 000 45
22° 35 000 92
23°¢ 40 000 112

“Experimental (4f6s) state.

"Calculated using AG,,, = 824.3 cm™' from Linton ez al.*** and the dissociation energy adopted in this work.
“Calculated using By = 0.35454 cm ™' from Barrow er al.”>* and the Pekeris relation.

“Dy.
“Estimated state.

reactions have been carried out.”’”*?%?!23 Regults of all
measurements are in remarkable agreement. The selected
value for the enthalpy of formation of CeO(g)

AH®(CeO, g, 298.15 K) = —(132 + 8) kI mol !

is taken as a rounded average of the third-law values calculated
from all mentioned works. To the selected enthalpy of for-
mation corresponds the value of dissociation energy of CeO
molecule Dy(CeO) = (794.3 £+ 8) kJ mol .

4.4. PrO(g)
4.4.1. Heat capacity and entropy

The thermal functions of PrO(g) in the standard state have
been calculated using the molecular constants presented in
Table 35.

TaBLE 34. The enthalpy of formation of CeO(g), in kJ mol ™

The analysis of 34 electronic transitions of PrO in emission,
absorption, and laser fluorescence spectra was carried out by
Shenyavskaya et al.,236 Delaval et al.,237 Beaufils et al.,238
Dulick et al.,>* Dulick et al.,**° Dulick er al.,**' Shenyavs-
kaya and Kaledin,?** Dulick and Field,>** and Childs et al.***
As a result, information about 12 low-lying electronic states
belonging to the lowest electron configuration 4f°6s was
obtained (see Table 35). The infrared spectrum of PrO was
observed in solid Ar and Kr matrices at 4 K by Weltner and De
Kock®* and Willson e al.>*® The values of the fundamental
frequency of PrO obtained in matrices are in agreement with
the electronic spectra results. The 4f°6s electron configuration
of PrO contains 91 Hund case “c” molecular states, and each of
them is doubly degenerate. Dulick®* calculated all these states
using the crystal field theory and adjusting parameters to
reproduce experimental data. The low-lying states of PrO
belonging to the 4/%6s configuration were calculated also by

Authors Method® T/K Reaction AH°(298.15 K) AHC(298.15 K)
Walsh et al.>*>® M 1700-2040 Ce(g) + LaO(g) = CeO(g) + La(g) 226 —131.6
Coppens et al.>"’ M 2146-2270 CeO(g) + La(g) = Ce(g) + LaO(g)
Ackermann and Rauh®*? M 1580-1920 Ce(g) + LaO(g) = CeO(g) + La(g) 3.34 —130.5

M 1760-2160 Ce(g) + YO(g) = CeO(g) + Y(2) —81.05 —1335
Younés et al.**! M 1490-2030 Ce(g) + LaO(g) = CeO(g) + La(g) 2.05 —131.8
Selected value: Dyp(CeO) = 794.8 + 8 —132.0+£8

M = mass spectrometry.

PRecalculated by Ames e al.>*®
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TaBLE 35. Molecular constants of 14]PrIGO(g)

T, w, WX, B, a,10° D,10’ p

No. State em™! pm Di

0* X(1)3.5 0 835.8" 2.22° 0.36175" 1.5° 2.6° 180.115 2
1# (145 217 2
2° ()35 2064 2
32 1)5.5 2099 2
4° (2)4.5 2154 2
52 (345 3718 2
6" (3)3.5 3887 2
72 (1)6.5 3953 2
8" ()55 4225 2
9 (3)5.5 5541 2
10° 4)5.5 5938 2
11° 1870 2
12¢ 2880 2
13° 3170 8
14 4950 10
15° 5247 4
16° 7000 5
17¢ 10 000 90
18° 15 000 150
19° 20 000 175
20¢ 25 000 185
21° 30 000 195
22¢ 35 000 200
23¢ 40 000 205

Experimental (4f°6s) state.
"From Shenyavskaya er al.>*
“Estimated state.

Dulick er al.**’ and Carrete and Hocquet™” in Ligand field

approximation and by Kotzian and Roesch**® applying the
theoretical Intermediate Neglect of Differential Overlap
(INDO) MO procedure augmented with a double-group CI
technique which includes spin-orbit interactions. Kotzian and
Roesch™* predicted also the lowest states below 40 000 cm ™'
belonging to the 4f*5d and 4f° configurations. The upper states
of the transitions observed in the visible apparently are the p—s
transitions, so the 4/°6p states were taken into account in the
interval 130 00-63 000 cm ™.
The derived standard entropy at room temperature is

S°(298.15 K) = (244.367 +0.05) JK " mol !

and the coefficients of the equations for the heat capacity are

Cy/(JK ' mol™") = 22.98903 +20.3103 x 107*(T/K)
+20.2961 x 107°(T/K)* — 14.6500
x 107°(T/K)? + 2.72239
x 10°(T/K) 2

for the 298.15-1200 K range, and

Cy/(JK " mol ") = 84.67666 — 28.5857 x 10>(T/K)
+8.73036 x 10~°(T/K)* — 0.84566
x 107°(T/K)* — 1.44324
x 107(T/K) 2

for the 1200-4000 K range.

4.4.2. Enthalpy of formation

The results for the enthalpy of formation of PrO(g) are
presented in Table 36. Experimental data used in calculations
consist of Knudsen effusion and mass spectrometric measure-
ments. Several mass spectrometric measurements of isomo-
lecular oxygen exchange reactions have been carried
out.”*>>%%-23 The selected value

AH°(PrO, g, 298.15 K) = —(145.5 + 8) kI mol !

is taken as a rounded average of the third-law values calculated
from all mentioned works. To the selected enthalpy of for-
mation corresponds the value of dissociation energy of PrO
molecule Dy(PrO) = (747.1 + 8) kJ mol .

4.5. NdO(9g)
4.5.1. Heat capacity and entropy

The thermal functions of NdO(g) in the standard state have
been calculated using the molecular constants presented in
Table 37.

The analysis of NdO spectra in emission, absorption, and laser
fluorescence was carried out by Linton ef al.,”>' Shenyavskaya
et al.,252 Kulikov,25 3 Kaledin and Shenyavskaya,254 and Kale-
din.*>® As a result, nine low-lying electronic states with close
values of molecular constants were revealed including the
ground X4 state, and numerous more or less perturbed excited
states with energies 10 000-23 000 cm'. The IR spectrum of
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TaBLE 36. The enthalpy of formation of PrO(g), in kJ mol !

KONINGS ET AL.

Authors Method* T/K Reaction AH°(298.15 K) AH°(298.15 K)
Walsh et al.>*>° M 17502070 Pr(g) + LaO(g) = PrO(g) + La(g) 46.45 —148.7

Fries and Cater®* M 2053-2191 PrO(g) + Y(g) = Pr(g) + YO(g) 31.4 —145.1
Murad®> M Pr(g) + TiO(g) = PrO(g) + Ti(g) ~71.4 —142.6
Selected value: Dy(PrO) = 747.1 £ 8 —1455+8

"M = mass spectrometry.
"Recalcualted by Ames er al.”*®

NdO was observed in solid Ar and Kr matrices at 4 K by Weltner
and De Kock™” and Willson ef al.**® The values of the funda-
mental frequency of NdO obtained in electronic and matrix IR
spectra are in agreement.

The theoretical calculations by Dolg and Stoll'”? dealt with
the molecular constants of lanthanide monoxides in their
ground states. Boudreaux and Baxter®® calculated and com-
pared electronic structures of NdO and UO.

The low-lying electronic states of NdO were assigned to the
4£%6s electron configuration which gives rise to the electronic
states with the total statistical weight 728. The states belonging
to the subconfiguration 4f°(41)6s were calculated using the
crystal field theory by Kulikov®”® and Carrete and Hocquet**°
(56 states with Zp = 104), and by Dulick ef al.**’ (up to 1000
cm ™', Zp = 98). The best agreement with experimental data
was shown by Kulikov*>® who used adjusted parameters to
reproduce experimental data known at that time (4 low-lying
states). Krauss and Stevens>’ confirmed above mentioned

TaBLE 37. Molecular constants of 142NdmO(g)

crystal field results by ab initio calculations and predicted also
the low-lying 4f°5d and 4f%s” states (the lower limits are
3390 cm™' and 4267 cm ', respectively). Shenyavskaya
et al.*> tentatively assigned the [12.171]4 state to the lowest
state of the 4f2s” configuration. The strong bands observed in
visible spectral region apparently are the p—s or d—s transi-
tions. This implies that the 4/>5d and 4f°6p states should be
taken into account when calculating the thermal functions. In
Table 37 estimates are presented of the unobserved states
belonging to the 4f36s, 47354, 4f35p, and 4f36s2 configura-
tions. The states of the 4f°(41)6s subconfiguration are taken
from the work by Kulikov.>>® The lower limits for the 4f>(4I)
5d and 4f>(41)5p states are assumed to be equal to 6000 and
13 500 cm™ ', respectively. The lower limits for the states
belonging to the subconfigurations 4f>(4F)nl are estimated
based on the spectrum NdIV: lower state 41(4f°) is separated
from the others by ~12 000 cm ™ 1, and addition of one electron
does not change considerably the interval between centers of

T, w, X, B, 2,10° D,10’ .

No. State em™! pm Di

0* X(1)4 0 834.083" 2.2855° 0.362346" 1.4291° 2.7296° 179.91 2
IS (15 474 2
24 (13 1156 2
3% 12 1351 2
4° (2)4 1587 2
5% )3 1793 2
6" )2 1914 2
7° 16 2124 2
gt )5 2153 2
9 1470 3
10° 1914 3
11¢ 3180 22
12¢ 3987 2
13¢ 5600 28
14° 7200 17
15 7920 20
16° 10 000 30
17 15 000 80
18° 20 000 250
19¢ 25 000 320
20° 30 000 400
21¢ 35 000 450
22¢ 40 000 520

Experimental (4/°6s) state.
®From Shenyavskaya et al.>>>
“Estimated state.
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gravity of 4f>(4F)nl and 4f>(4I)nl configurations, and these
limits are assumed to be lower for all remaining states of
corresponding configurations.

Our estimates of the positions of the excited configurations
are based on the experimental data by Shenyavskaya er al.*>*
for s configuration and on comparison with the positions of
the analogous states of CeO and PrO (for £d, fp, and f*
configurations). The energy ranges for the states included in
the configurations were taken equal to those for UO (see
Kaledin er al.*>®)

The derived standard entropy at room temperature is

S°(298.15 K) = (242.817 +0.05) JK~ ' mol ™!

and the coefficients of the equations for the heat capacity are

Cp/(JK™"mol™") = —9.80368 + 188.146 x 10~*(T/K)
—190.285 x 107%(T/K)? + 62.3079
x 107(T/K)* 4 5.70945
x 10°(T/K) >

for the 298.15-1100 K range, and

Cy/(JK™"mol™") = 57.65812 — 9.78465 x 107*(T/K)
+2.76479 x 10~°(T/K)* — 0.218778
x 107°(T/K)* + 4.4284910°(T/K)

for the 1100—4000 K range.

4.5.2. Enthalpy of formation

The results of the determination of the enthalpy of formation
of NdO(g) are presented in Table 38. Experimental data have
been obtained by Knudsen effusion, transpiration, and mass-
spectrometric measurements. Ames et al.”’° carried out Knud-
sen effusion measurement of the weight loss for Nd,Os(cr).
Results of these measurements were treated in this work under
assumption of congruent vaporization of Nd,O5(cr) according
to reaction

Nd,0;3(cr) = 2NdO(g) + O(g),

neglecting the possibility of formation of Nd(g) atoms in
the vapor [see text on LaO(g)]. The enthalpy of formation
of NdO(g) thus calculated can be more negative than the
correct value, the degree of deviation being dependent on the
amount of Nd atoms in vapors. Comparison with the results
of Tetenbaum?® and Murad and Hildenbrand”*® confirms this
conclusion. Results of transpiration measurements>> have

TaBLE 38. The enthalpy of formation of NdO(g), in kJ mol '

significant advantage in comparison to the Knudsen effusion
measurements, due to well-defined oxygen pressure, making
interpretation of results more certain. The measurements
of Murad® for two oxygen exchange reactions result in
practically coinciding values of the enthalpy of formation of
NdO(g). The selected value

A/H®(NdO, g,298.15K) = —(120 + 8) kJ mol !

is taken as the rounded average of the third-law values
calculated from the works of Tetenbaum?® and Murad.”>°
The selected enthalpy of formation corresponds to Dy(NdO)
= (692.8 + 8) kJ mol .

4.6. PmO(g)
4.6.1. Heat capacity and entropy

The thermal functions of PmO(g) in the standard state have
been calculated using the molecular constants given in
Table 39.

Experimental data on the PmO molecular spectra are absent.
The constants presented in Table 39 are estimated. Dolg and
Stoll'”? showed that the molecular constants of the lanthanide
monoxides in the electronic states of the same electron con-
figuration change regularly. Thus the constants can be esti-
mated by interpolation. Field*>? predicted the ground state
X3.5 belonging to the 4f*(51)6s subconfiguration. Dulick
et al.**" carried out a Ligand field calculation of this sub-
configuration and obtained for the ground state Q = 0.5. For
the calculation of the thermal functions this difference in Q is
of little importance because all the states of PmO belonging
to this subconfiguration have statistical weight 2.

In the present work, the molecular constants of PmO are
adopted (see Table 39) from the results of calculations by
Dulick and Field*** up to 10 000 cm ™' and on the basis of
rough estimates of statistical weights for the 4f*6s, 4f*6p, and
47*5d states at T > 10 000 cm ™.

The derived standard entropy at room temperature is

S°(298.15K) = (246.519 +£2.0) JK ' mol ™!

and the coefficients of the equations for the heat capacity are

Cp/(JK "mol™") = 31.64170 + 38.6653 x 10*(T/K)
—30.3021 x 107°(T/K)* + 8.45852
x 107°(T/K)* — 2.08747
x 10°(T/K)

for the 298.15-1100 K range, and

Authors Method* T/K Reaction AH°(298.15 K) ArH®(298.15 K)
Goldstein er al.*** K 2255-2408 Nd,05; = 2NdO(g) + O(g) 1790.3 —133.6
Tetenbaum?° T 2155-2485 Nd,O3 = 2NdO(g) + O(g) 1576.6 —115.8
Murad®> M 1933 Nd(g) + ScO(g) = PrO(g) + Sc(g) —16.4 —122.1

M 1999 Nd(g) + TiO(g) = PrO(g) + Ti(g) —26.5 —1229
Selected value: Dy(NdO) = 692.8 + 8 —120.0 £ 8

K = Knudsen effusion; M = mass spectrometry; T = transpiration.
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TaBLE 39. Molecular constants of 145Pm'60(g)

T. o, ox, B, al0° D10

Te
—1

No. State cm pm  p;

0? X0.5 0 832 29" 0358 1.7° 2.65° 180.7 2
1# 225 2
2? 660 2
32 820 2
4° 1240 6
52 2280 14
6" 2890 4
72 3565 12
8" 4340 12
9 5065 10
10° 5470 6
11° 6155 12
12¢ 6950 20
13° 8130 16
14° 9070 6
15° 10 000 35
16 15 000 60
17 20 000 180
18° 25 000 400
19° 30 000 800
20° 35 000 1000
21° 40 000 1300

Experimental (4°6s) state.
PEstimated state.
°From Shenyavskaya et al.>>>

C;/(JK "mol™") = 50.95780 + 1.31663 x 10~*(T/K)
—1.57622 x 107%(T/K)* + 0.282026
x 107(T/K)* — 2.75930
x 10%(T/K) >

for the 11004000 K range.

4.6.2. Enthalpy of formation

No experimental data are available for the enthalpy of
formation of promethium monoxide PmO(g). The quantum-
mechanical calculations for the lanthanide monoxides per-
formed till now do not have a thermochemical quality neces-
sary for inclusion in the thermodynamic evaluations. Instead, a
model based on the conception of promotion of a free atom into
a “valence state” was used for evaluation of the PmO molecule
stability. For the lanthanide monoxide molecules, the idea was
for the first time expressed by Ames et al.”’° It was shown that
variations in the dissociation energies of the lanthanide mon-
oxide series correspond to the magnitude of the 4f" — 4f"~'5d
transitions of the Ln>" ions. Murad and Hildenbrand,>®° using
more reliable and more broad experimental basis, came to
analogous conclusion that the 4f" — 4f" '5d excitation
energy plays a major role in determining the energetics of
most of the lanthanide monoxide bonds.

The model was further developed by Gibson,*®' who came
to conclusion that the Ln-O and Ln—O" bonds “are evidently
formed using two 5d electrons, rather than one 5d and one 6s
electron”. Using estimated excitation energies for the forma-
tion of atomic Pm in the 5d6s and 5d°6s configurations, 115
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and 129 kJ molfl, Gibson obtained two values for the dis-
sociation energy of PmO(g): 712 kJ mol " and 698 kJ mol "
Taking into account the monotonous decrease of Dy(LnO)
values going from LaO to EuO, those values seem to be too
high. A lower value Dy(PmO) ~ 630 kJ mol ™! can be obtained
as a mean value between Dy(NdO) and Dy(SmO). In the
present assessment a compromise between the two ways of
estimation is selected: Do(PmO) = (650 4 50) kJ mol . This
value corresponds to

A/H°(PmO, g, 298.15 K) = —(145 £+ 50) kI mol "

4.7. SmO(g)
4.7.1. Heat capacity and entropy

The thermal functions of SmO(g) in the standard state have
been calculated using the molecular constants given in
Table 40.

Analysis of electronic transitions of SmO by Linton ef a
Bujin and Linton,>%? Bujin and Linton,?®* Linton et al.,>®
Linton ef al.,**® and Hannigan®® revealed 15 low-lying states
including the ground X0~ state. The vibrational structure of
the observed transitions was not developed. The AG,,, values
were detected by Linton e al.>*® only for four low-lying states,
but not for the ground state. The infrared spectrum of SmO was
observed in solid Ar and Kr matrices by Weltner and De
Kock,245 Willson and Andrews,213 and Willson et al.>*® Tak-
ing into account the matrix shift, the obtained values of the
fundamental frequency are in agreement with the AG,,, value
for the first excited state of SmO in gas phase. That permits us
to estimate the vibrational constant ®, with an accuracy of
2 cm™'. Ab initio calculations by Dolg and Stoll'*® dealt with
the ground state of the molecule and resulted in theoretical
spectroscopic constants.

The electron configuration assignments for the lower states
of the transitions to the ground state configuration 4f°6s are
doubtless. The 4f°(6H)6s states were calculated using Ligand
field theory by Carrete and Hocquet™” and Dulick ez al.**” The
configuration assignments for the upper states of the transi-
tions were not considered. Table 40 gives the experimental
4f>(6H)6s states according to Bujin and Linton*® and the
estimated statistical weights of the 4f°6s, 4f°6p, and 4f°5d
superconfigurations at fixed energies up to 40 000 cm™".

The derived standard entropy at room temperature is

262
126

S°(298.15 K) = (246.592 +0.10) JK~ ' mol "

and the coefficients of the equations for the heat capacity are

Cy/(JK "mol™") = 28.65158 +45.8171 x 107°(T/K)
—34.4081 x 10-%(T/K)? + 7.99213
x 107°(T/K)* — 4.99673
x 104(T/K)

for the 298.15-1400 K range, and
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TaBLE 40. Molecular constants of ' 2Sm'60(g)

T, w, WXy B. a,10° D,107 p

No. State cm™! pm pi

0* X(1)0~ 0 829.5" 3.58 0.353952¢ 2.0 2.58¢ 181.415 1
1* (D1 147 2
24 12 567 2
3° 2)0" 582 1
4° )1 879 2
5¢ (13 1280 2
6" (3)0" 1546 1
7 )2 1604 2
8" 4)0" 1661 1
9° 3)1 1661 2
10° @)1 2014 2
11? 3)2 2240 2
12% ()4 2287 2
13* (5)0" 2520 2
14 )1 2867 2
15¢ 2710 2
16° 3040 4
17¢ 3450 4
18° 3860 12
19° 4490 8
20° 5000 4
21° 10 000 25
22° 15 000 60
23° 20 000 290
24¢ 25 000 380
25° 30 000 400
26° 35 000 1200
27° 40 000 2350

Experimental (4/°6s) state.
bEstimated, see text.

“Calculated from By = 0.352952 cm™" according to Bujin and Linton®** and the a, value calculated from the Pekeris relation.

dCalculated from the Kratzer relation.
“Estimated state.

Cy/(JK"mol™") = 70.58620 — 20.2158 x 10~*(T/K)
+4.68050 x 107°(T/K)* — 0.243006
x 107°(T/K)* — 6.91999
x 10°(T/K) 2

for the 1400-4000 K range.

4.7.2. Enthalpy of formation

The results for the enthalpy of formation of SmO(g) are
presented in Table 41. Ames et al.”° carried out Knudsen
effusion measurement of the weight loss for Sm,Oj3(cr). The
results of these measurements were treated in this work under
assumption of congruent vaporization of Sm,O5(cr) according

TaBLE 41. The enthalpy of formation of SmO(g), in kJ mol '

to reaction
Smy0s (cr) = 2SmO(g) + O(g).

neglecting the possibility of formation of Sm(g) atoms in the
vapor (see Sec. 4.1). The enthalpy of formation of SmO(g) thus
calculated is slightly more negative in comparison with results
of mass-spectrometric measurements for Al(g) + SmO(g)
oxygen exchange reaction.”*® Results of the latter work can
be regarded as highly reliable, due to large number of mea-
surements carried out using both vibrating-reed electrometer
and pulse counting detection. It needs to be mentioned, how-
ever, that our treatment of data from that paper resulted in a
considerable difference between second- and third-law values
for the enthalpy of formation of SmO(g).

Authors Method® T/K Reaction AH°(298.15 K) AH°(298.15 K)
Ames et al.”*® K 2333-2499 Sm,03 = 2SmO(g) + O(g) 1839.1 —113.6

M 2360-2500 Sm(g) + YO(g) = SmO(g) + Y(g) 135.2 —~170.9
Dickson and Zare®®’ B 2155-2485 Sm(g) + NO, = SmO(g) + NO(g) <-116.6
Hildenbrand®®® M 2087-2298 Al(g) + SmO(g) = AlO(g) + Sm(g) 3.5 —109.0

M 21102295 Al(g) + SmO(g) = AlO(g) + Sm(g) 2.6 —~101.6
Selected value: Dy(SmO) = 555.6 + 8 —1053+ 8

K = Knudsen effusion; M = mass spectrometry; B = beam-gas chemiluminescence.

PRecalculated by Ames e al.>*®
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From the short wavelength cutoff of the Sm molecular beam
and NO,(g) chemiluminescent spectra, the following lower
boundary value to the ground state dissociation energy was
obtained in the work of Dickson and Zare*®: Dy(SmO) >
(566.9 £ 2.9) kI mol . Comparison with both Knuden
effusion®”® and mass spectrometry>®® results reveals that this
lower bound value is overestimated. The mass-spectrometric
results of Ames er al.>*® seem to be erroneous.

The selected value

AH®(SmO, g, 298.15K) = —(105.3 =+ 8) kImol !

is taken as a rounded average of two third-law values calcu-
lated from the data of Hildenbrand.*®® The selected enthalpy of
formation corresponds to Do(SmO) = (555.6 £ 8) kJ mol "

4.8. EuO(g)
4.8.1. Heat capacity and entropy

The thermal functions of EuO(g) in the standard state have
been calculated using the molecular constants presented in
Table 42.

The electronic spectrum of EuO (single electronic transi-
tion) was investigated by McDonald,270 but the data were not
published. Some of the results for the ground state (w, =
688 cm~ ! and By = 0.32624 cm ™' for '>*Eu0) were cited
by Dolg et al.?”" The values of the fundamental frequency of
EuO were measured also in solid Ar and Kr matrices by
Gabelnick er al’'? (668 cm_l), Willson and Andrews’'?
(667.8 cm™ " and 633.5 cm™" for Eu'°0 and Eu'®0, respec-
tively), and Willson et al. 246 (668 cmfl). Taking into account
the matrix shift, the obtained values are in agreement with the
w, value for EuO from gas phase. That permits to estimate the
uncertainty of selected value of w, to be within 2 cm ™.

The electronic structure of EuO was investigated by Carrete
and Hocquet™ and Dulick er al.**’ using Ligand field calcu-
lation and by Dolg et al.*’' by ab initio calculation. All
calculations revealed the X5 A" ground state and the first

TABLE 42. Molecular constants of '° 3EulGO(g)

T. o ox, B, «l0® D10

Fe
—1

No. State cm pm Di

0° X%z 0 688 3 03272 1.9 2.96° 188.63 2
14 A%S 6000 8
24 7000 16
3¢ 8000 18
4¢ 9000 28
54 13 200 28
6 15 000 10
74 20 000 35
8¢ 25 000 340
9d 30 000 670
10¢ 35 000 3300
114 40 000 3600

Experimental (4/°6s) state.

Calculated from By = 0.32624 cm ™' and the a, value calculated from the
Pekeris relation.

“Calculated from the Kratzer relation.

YEstimated state.
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excited state A®T (4/°6s). However the energy of the A®E state
is not well defined (from 3300 up to 7937 cm™'). The
theoretical calculations resulted also in relative energies for
the other low-lying states of the 4/°6s configuration. In the
present work we select the data obtained by Carrete and
Hocquet™” (all states of the 4/°(7F)6s subconfiguration with
correction of the A®S energy (assumed 6000 cm ™). In Table 42
are also presented roughly estimated statistical weights (for
4f°6s, 4f°6d, and 4/°6p states) at fixed energies in the 15 000~
40 000 cm ™" interval.
The derived standard entropy at room temperature is

S°(298.15 K) = (253.419 +0.10) JK~' mol ™!

and the coefficients of the equations for the heat capacity are:

Cy/(JK ' mol™") = 33.8838 +7.70507 x 10~*(T/K)
—7.38219 x 107%(T/K)* + 3.41476
x 107(T/K)* — 2.52934
x 10°(T/K)

for the 298.15-1700 K range, and

Cp/(JK™"mol™") = —79.4911 + 93.4647 x 107(T/K)
—22.3194 x 107%(T/K)* + 1.86990
x 107°(T/K)’ + 5.27560
x 107(T/K)

for the 17004000 K range.

4.8.2. Enthalpy of formation

The results for enthalpy of formation of EuO(g) are pre-
sented in Table 43. Ames et al.”°® carried out Knudsen effusion
weight-loss measurements for Eu,Os(cr). Formal treatment of
their data under the assumption of congruent evaporation with
formation of EuO(g) and O(g) demonstrates the inadequacy of
this approach due to high degree of EuO dissociation and the
predominance of Eu(g) in the vapor phase. In this case, the
results of the calculations of the enthalpy of formation are to be
regarded as a lower boundary of the enthalpy of formation.

Dickson and Zare”® studied the chemiluminescence result-
ing from the reaction of an europium molecular beam with
NO,, N,0, and O3 under single-collision conditions. From the
short wavelength cutoff of the chemiluminescent spectra, the
following lower boundary to the ground state dissociation
energy was obtained from the Eu(g) 4+ NO, study: Do(EuO) =
(549.8 = 2.9) kJ mol ' This value was discarded in the paper
by Murad and Hildenblrand,272 in which a detailed discussion
of the stability of EuO(g) was presented. The following values
were calculated by Murad and Hildenbrand from the graph in
the Dickson and Zare?®”: Eu +N,0, Do(EuO) > 423 kI mol ';
Eu + O3, Do(EuO) > 457 kJ mol ! (not shown in Table 43).
Both values are in agreement with mass-spectrometric data.
Mass spectrometric measurements of isomolecular oxygen
exchange reactions have been carried out by Murad and
Hildenbrand,272 and Balducci et al.”’”® All results of these
works are in reasonable agreement.
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TaBLE 43. The enthalpy of formation of EuO(g), in kJ mol '

Authors Method* T/K Reaction AH°(298.15 K) AH°(298.15 K)
Ames et al.>*® K 1984-2188 Eu,05 = 2Eu0(g) + O(g) 1621.7 —142.7
Dickson and Zare*® B Eu(g) + NO, = EuO(g) + NO(g) <128.4
Murad and Hildenbrand®”> M 2026-2255 Eu(g) + AlO(g) = EuO(g) + Al(g) 39.1 —47.4

M 2009-2237 Eu(g) + BaO(g) = EuO(g) + Ba(g) 66.3 —60.5

M 2044-2237 Eu(g) + TiO(g) = EuO(g) + Ti(g) 184.5 —62.9
Balducci er al.*” M 19202220 Eu(g) + WO5(g) = EuO(2) + WO5(g) 118.2 —54.4
Selected value: Do(EuO) = 4779 + 8 —56.5+8

K = Knudsen effusion; M = mass spectrometry; B = beam-gas chemiluminescence.

The selected value

A/H®(EuO, g, 298.15K) = —(56.5 + 8) kI mol '

is taken as weighted average of the third-law values calculated
from all mass-spectrometric works, with the weight of
WOs5 + Eu result of 0.5, due to less accurate reference values.
The selected enthalpy of formation corresponds to Dy(EuO)
=477.9 kJ mol .

4.9. GdO(g)
4.9.1. Heat capacity and entropy

The thermal functions of GdO(g) in the standard state have
been calculated using the molecular constants presented in
Table 44.

The first studies of the electronic spectrum of GdO were
carried out at the low and moderate resolution and dealt with
the vibrational structure of the spectrum (see Huber and
Herzberg”g), Yadav et al.,”’**”> Suarez and Grinfeld,?’® and
the literature cited therein). The investigations revealed the
highly complex structure of the spectrum, and the proposed
vibrational analysis was doubtful. The values of the funda-
mental frequency of GdO were observed in solid inert gas
matrices by Weltner and De Kock®® in Ne and Ar (824 and
813 cm ™', respectively), by Willson and Andrews>'" in Ar
(812.7 and 770.9 cm™" for Gd'®0 and Gd'®0, respectively),
and by Willson ef al.”* in Ar (812.8 cm ™).

TaBLE 44. Molecular constants of 158deO(g)

Van Zee et al.*’’ found by means of ESR spectroscopy in an
Ar matrix at 4 K that the GdO ground state is 927, and its
vibrational quantum AG,, = 824 cm L. Taking into account
the matrix shift, the values of the fundamental frequency
observed in matrices are in agreement with the value AGy),
=828.19 cm ™' measured by Yadav et al.>’* for the lower state
of the A system with multiple heads. Dmitriev ef al.”’® ana-
lyzed the rotational spectrum of the transition connected with
the ground state (’T1,-X°%7). Later Dmitriev er al.>’® and
Dmitriev®® investigated the fluorescence spectra excited by
the Ar" laser lines in the region of the *X™-X°L ™ and "2 -a’2 "~
systems, obtained the data on the v = 0-8 levels of the ground
state and for the v = 0-3 levels of the a’%~ state, and found the
excitation energy of the a’S ™ state from the intercombination
transitions X "-a’~~ and "£ - X’ ™. Till now the vibrational
and rotational constants for these low-lying states and the
energy of a’Y ™ state are the most precise. The molecular
constants for the X’ and a’Y " states (see Table 44) were
reported by Gurvich er al.”*®'. The studies of the laser induced
fluorescence spectra by Carette ef al.”®* and by Kaledin
et al.”® revealed new components [18.4]4 and [19.0]0" of
the > "I states. Kaledin ez al.**® showed that Q-assignment for
the components of the °IT state made by Dmitriev ez al.*’® was
not correct. At the same time the interpretation of the f'(8S)p
states proposed by Kaledin ef al.>>® was not convincing. In any
case it shows that the °TIs ([17.6]5) and °T1, ([18.4]4) compo-
nents known experimentally belong to the states of different
multiplicity.

T, o O, B. ,10° D107 ;

No State em™! pm Di

0* X’z 0 831.19 2.619 0.35561 1.48 2.56 180.66 9
IS a’z™¢ 1834.64 837.11 2.62 0.35678 1.47 2.59 180.37 7
28 A°A? 11 300 18
3% 17 500 50
4* 20 000 28
5% foon 21 693° 9
6* o 22 307° 7
7° 25 000 16
8 30 000 200
9° 35 000 440
10° 40 000 1050

“Experimental state.
°All the constants for these state from Dmitriev ef al.>’® and Dmitriev.”%°
“Estimated state.
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Ab initio calculations of GdO by Dolg ez al.,*”"*** dealt with
well-known electronic states X2~ and a’% "~ and resulted in
theoretical constants in good agreement with the experiment.
Ligand field calculation by Carrete and Hocquet,”** Dulick
et al”*’ and ab initio calculations by Kotzian er al.'”’ and
Sakai e al.”®" considered the electronic structure of the
molecule. All calculations gave the X°Z~ f/(8S)s ground state
and the 2’2"~ f7(85)s first excited state. The half filled 4f shell
along with the ground 8S state and the other states of the Gd
atom lying much higher (>30 000 cm™") explain the simple
structure of the GdO molecule: only 12 states of the £'(8S)s,
£'(8S)d, and f'(8S)p subconfigurations are expected up to
30000 cm™'. All the calculations except that by Dulick
et al.,”*” who calculated only the f'(8S)s states, are in agree-
ment that the first excited configuration of GdO is £(8S)d.
However the energy of the A’A state differs considerably
(from 8500 to 16700 cm™'). The study of the GdO~ photo-
electron spectrum by Klingeler er al.”® revealed the group of
states near 11300 4 400 cm ™' which positions coincide with
the A’A state calculated by Carrete and Hocquet.*® The
estimated energies and statistical weights of the unobserved
states of the configuration mentioned above are presented in
Table 44. It gives also the estimated statistical weights in the
3000040000 cm " region (the f’s and f'd states).

The derived standard entropy at room temperature is:

S°(298.15 K) = (253.495 +0.03) JK ' mol ™!
and the coefficients of the equations for the heat capacity are:
Cy/(JK "mol™") = 21.26451 +40.9137 x 107*(T/K)
—30.1655 x 107%(T/K)* + 7.50616

x 107°(T/K)* + 6.83276
x 10%(T/K)

for the 298.15-1300 K range, and

Cy/(JK"mol™") = 51.77714 — 10.0325 x 107*(T/K)
+2.57810 x 107°(T/K)* — 0.111668
x 107°(T/K)* — 4.80380
x 10°(T/K) >

for the 13004000 K range.

4.9.2. Enthalpy of formation

The results for the enthalpy of formation of GdO(g) are
presented in Table 45. Experimental data used in the analysis
are based on Knudsen effusion”” and mass spectrometric

TaBLE 45. The enthalpy of formation of GdO(g), in kJ mol '

KONINGS ET AL.

measurements,”®” the results being in satisfactory agreement.

At the same time, the mass-spectrometric results deserve more

weight, because interpretation of Knudsen effusion data is not

unambiguous due to possible formation of free gadolinium

atoms in the vapors (see text on LaO(g) enthalpy of formation).
The selected value

AH°(GdO, g, 298.15 K) = —(68.0 + 8) kI mol !

is taken as a rounded average of the third-law values calculated
from two mentioned works, with a low weight for the Knudsen
effusion results. The selected enthalpy of formation corre-
sponds to Do(GdO) = (710.2 + 8) kJ mol .

4.10. TbO(9g)
4.10.1. Heat capacity and entropy

The thermal functions of TbO(g) in the standard state have
been calculated using the molecular constants given in
Table 46.

The electronic spectrum of TbO was investigated in emis-
sion and absorption by Kaledin and Shenyavskaya®®?%" (see
Huber and Herzberg'”® for earlier works) and in the fluores-
cence by Kulikov et al.zg&zgg, and Gurvich et al.®®' The
fundamental frequency of TbO was observed in solid inert
gas matrices by Weltner and De Kock™ in Ne and Ar
(824 cm™ Y, by Willson and Andrews®'® in Ar at 10 K
(823.9 and 781.4 cm ™' for Tb'®0 and Tb'®0, respectively),
and by Willson er al.**® in Ar (823.9 cm™'). Taking into
account the matrix shift the values of fundamental frequency
obtained in matrices are in agreement with those from gas
phase data. Ab initio calculations by Dolg and Stoll'”* dealt
with the ground state of the TbO molecule and resulted in the
theoretical spectroscopic constants.

The studies of the TbO electronic spectra revealed 14 low-
lying states (including the X6.5 ground state), assigned to the
f3(7F)s subconfiguration, and 11 excited states with energies
14 899-22 300 cm™ !, mostly ascribed to the f 8(7F)d and
F3(7F)p subconfigurations. Ligand field calculation by Carrete
and Hocquet™® and Dulick ez al.**” showed that up to 10 000
cm " all the states belonged to the f*(7F)s subconfiguration.
The estimated energies and statistical weights of the unob-
served states of the f¥(7F)s subconfiguration, presented in
Table 46, are selected from Carrete and Hocquet.>*® Table 46
gives also the estimated statistical weights of the f3(7F)d and
F3(7F)p states assuming the energies of the lowest states at
12 000 and 18 000 cm ', respectively, and placing the other
states of the f*nl configurations higher than the corresponding
F3(7PF)1 states by approximately 15 000-20 000 cm ™.

Authors Method® T/K Reaction AH°(298.15 K) AsH°(298.15 K)
Ames et al.”® K 2408-2546 Gd,03 = 2GdO(g) + O(2) 1935.6 ~78.5
Murad and Hildenbrand®° M 1957-2024 Gd(g) + TiO(g) = GdO(g) + Ti(g) —43.5 —68.5

M 1908-1977 Gd(g) + YO(g) = GdO(g) + Y(g) 5.7 —65.4
Selected value: Dy(GdO) = 710.2 £ 8 —68.0 + 8

K = Knudsen effusion; M = mass spectrometry.

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014
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TaBLE 46. Molecular constants of 159Tb'60(g)

T, w, WXy B. a,10° D,107 p

No. State em™! pm Di

0 X(1)6.5 0 843.1° 3.04° 0.35325 1.50 2.48° 181.213 2
IS (5.5 355 2
2° (1)4.5 750 2
3¢ (1)3.5 1183 2
4° 2)5.5 1624 2
5¢ (1)2.5 1654 2
6" (2)4.5 2101 2
74 H1.5 2160 2
8" 2)3.5 2610 2
94 (3)5.5 2900 2
10° 2)2.5 3119 2
11° (3)4.5 3188 2
12 (3)3.5 3506 2
13 (3)2.5 3830 2
14¢ 4000 4
154 4500 8
164 5100 8
174 6100 16
18¢ 7050 8
194 7950 10
20¢ 9050 8
214 10 100 9
22¢ 15 000 25
234 20 000 80
244 25 000 125
254 30 000 170
26¢ 35 000 600
274 40 000 900

“Experimental state.

Calculated from AG;,, = 837.1 cm™! given by Kulikov et al.”®® and the assumed dissociation limit.

“Calculated from the Kratzer relation.
YEstimated state.

The derived standard entropy at room temperature is

$°(298.15 K) = (245.758 +0.10) JK ' mol ™!

and the coefficients of the equations for the heat capacity are

Cy/(JK™"mol™") = 30.97785 4 32.5225 x 10*(T/K)
—19.6568 x 107°(T/K)* + 4.14576
x 107°(T/K)* — 1.18135
x 104(T/K)

for the 298.15-1400 K range, and
o -1 1y _ -3
Cp/(JK mol ) = 64.48191 — 8.31957 x 107°(T/K)
+0.883659 x 107°(T/K)*

+0.0270508 x 107°(T/K)* — 10.4723
x 108(T/K) 2

for the 1400—4000 K range.

4.10.2. Enthalpy of formation

There is only one study of the determination of the enthalpy
of formation of TbO(g). Ames et al.”*® have performed
mass spectrometric measurements of isomolecular oxygen

exchange reaction (1830-2040 K)
Tb + LaO(g) = TbO(g) + La(g)

for which we obtain A,H°(298.15 K) = 80.2 kJ mol by third-
law analysis. This results in the following selected enthalpy of
formation:

A/H’(TbO, g, 298.15 K) = —(84.7 £ 10) kJ mol ™!
This value corresponds to Dy(TbO) = (715.5 + 10) kJ mol .

4.11. DyO(9)
4.11.1. Heat capacity and entropy

The thermal functions of DyO(g) in the standard state have
been calculated using the molecular constants given in
Table 47.

The electronic spectrum of DyO was investigated in emis-
sion and absorption by Kaledin and Shenyavskaya®*® and
Yadav er al.**® (see Huber and Herzberg”g for earlier works)
and in the fluorescence by Linton ez al.”*" and Cheng.?** The
values of the fundamental frequency of DyO were observed in
solid inert gas matrices by Weltner and De Kock®* in Ar
(829 cm™ "), Willson and Andrews>'” in Ar at 10 K (829.0 and

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014
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TaBLE 47. Molecular constants of 159Dy'GO(g)

T. o, ox, B, al0’ D10

Ye
—1

No. State cm pm Di

0* X(1)8 0 849" 3.5° 03593 2.0 257 1794 2
12 a7 770 2
2? 16 1630 2
32 ()7 1683 2
42 (2)6 2420 2
5° 2180 2
6° 3280 11
7° 4400 10
8° 5100 7
9° 6100 8
10° 7130 14
11° 8565 14
12¢ 9830 20
13° 11 775 20
14 14 070 20
15 15 000 40
16° 20 000 130
17 25 000 350
18° 30 000 370
19° 35 000 1500
20° 40 000 1900

“Experimental state.

bCalculated from AG, = 842 cm ™! given by Linton et al. 291 and the assumed
dissociation limit.

“Calculated from By = 0.358413 cm ™! given by Linton et al.*°') and

a, = 0.0020 cm ™! found by Kaledin and Shenyavskaya.?*¢

dCalculated from the Kratzer relation.

“Estimated state.

786.1 cm ™' for Dy'0) and Dy '®0, respectively), and Willson
et al.**® in Ar (828.7 cm ™). Taking into account the matrix
shift, the values of the fundamental frequency obtained in
matrices are in agreement with those from gas phase data. Ab
initio calculations by Dolg and Stoll'®* dealt with the ground
state of the molecule and resulted in theoretical spectroscopic
constants.

The studies of the DyO electronic spectra by Kaledin and
Shenyavskaya®®® and Linton er al.?®' revealed 5 low-lying
states (including the X8 ground state,) which were assigned to
the /°(6H)s subconfiguration, and 6 excited states with energies
17 070-19 000 cm ™', most of which could be assigned to the
F(6H)d and f’(6H)p configurations.

Carrete and Hocquet™” and Dulick et al.**’ carried out
Ligand field calculations of the DyO states belonging to the
2 (6H)s subconfiguration. Carrete and Hocquet®*® obtained all
the /9 (6H)s states (total statistical weight 132), while Dulick
et al.**" obtained only states up to 10 000 cm ™' with Zp = 74.
The data obtained by Dulick er al.**” are closer to experimental
data because of using the other parameter G; = 300 cm ™'
as compared with G3 = 150 cm™' used by Carrete and
Hocquet.”*® The deviations between the results are the largest
for lower states. For that reason the estimated energies and
statistical weights of the unobserved states of the f9 (6H)s
subconfiguration up to 10 000 cm ™' are selected from the
Dulick ef al.>*’ and those in the interval 10 000~15 000 cm ™'
are selected from Carrete and Hocquet™ with corrections to
mean deviation. In Table 47 also the estimated statistical
weights for the F(6FP)s states (>15 000 cm™ ') are given, for
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the remaining f”s states corresponding to the low multiplicity
terms of the f9 -core (>21 000 cm_l), for the f9 (6H)d and f8(6H)
p states assuming the energies of the lowest states at 12 500 and
18 500 cm ™, respectively, and for the other states of the f*nl
configurations as in case of the f°s configuration. The upper
limit for all configurations is assumed to be D + IP, so all the
estimated states are considered stable.
The derived standard entropy at room temperature is

S°(298.15 K) = (242.208 +0.10) JK~' mol ™!

and the coefficients of the equations for the heat capacity are

Cy/(JK "mol™") = 19.08366 + 61.7856 x 10~>(T/K)
— 37.4790 x 10~%(T/K)* + 7.29509
x 107°(T/K)? + 2.19805
x 104(T/K)

for the 298.15-1300 K range, and

Cp/(JK 'mol™") = 68.49712 — 11.3191 x 107*(T/K)
+1.99999 x 10~%(T/K)*
—0.0418797 x 10~°(T/K)?
—8.39005 x 10°(T/K) >

for the 1300—4000 K range.

4.11.2. Enthalpy of formation

Ames et al.”* carried out Knudsen effusion measurements
of the weight loss of Dy,Os5(cr) in the temperature range 2440—
2637 K. The results of these measurements were treated in this
work under the assumption of congruent vaporization of
Dy,0O5(cr) according to reaction

Dy,0;(cr) = 2DyO(g) + O(g),

neglecting possible formation of Dy(g) atoms in the vapor (see
Sec. 4.1). The DyO(g) enthalpy of formation thus calculated
must be more negative than the correct value, the degree of
deviation being dependent on amount of Dy atoms in the
vapor. The third-law enthalpy of reaction A,H°(298.15 K) =
1953.4 kJ mol ', yields AH°(DyO, g, 298.15 K) = —79.2
kJ mol !, which corresponds to Dy(DyO) = 609.8 kJ mol .
Dulick er al.**’ have estimated the DyO dissociation energy
using the crystal field model applied to diatomic molecules as
Dy(DyO) = (602 + 1) kJ mol~'. In absence of additional
information, this value is selected in this work for the enthalpy
of formation of DyO(g):

A/H°(DyO, g,298.15K) = —(71 +20) kJmol .

4.12. HoO(g)
4.12.1. Heat capacity and entropy

The thermal functions of HoO(g) in the standard state have
been calculated using the molecular constants given in
Table 48.
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TaBLE 48. Molecular constants of l(’SHOIGO(g)

T, w, WXy B. a,10° D,107 p

No. State em™! pm Di

0* X8.5 0 848" 3.5° 0.358477 1.50 2.56° 179.59 2
1# 7.5 603 2
2° 2)7.5 1130 2
32 165 1853 2
44 1165 14
54 2275 12
6 6300 22
74 7100 8
8¢ 10 050 26
9d 13 500 26
10¢ 15 000 50
114 20 000 90
12¢ 25 000 200
134 30 000 250
14¢ 35 000 700
154 40 000 1150

“Experimental state.

Calculated from AG,, = 841.252 cm™! given by Linton and Liu
“Calculated from the Kratzer relation.

YEstimated state.

294

The electronic spectrum of HoO was investigated in emis-
sion and absorption by Kaledin and Shenyavskaya®® (see
Huber and Herzberg'” for earlier works), and in fluorescence
by Liu et al. 2% Linton and Liu,>** and Cheng.zg2 The values of
fundamental frequency of HoO were measured in solid inert
gas matrices by Weltner and De Kock®* in Ar (829 cm ™),
Willson and Andrews”'? in Arat 10K (828.1 and 785.2 cm ™"
for Ho'®0O and Ho'®0, respectively), and Willson er al.>*® in
Ar (828.0 cm™ ). Taking into account the matrix shift, the
values of fundamental frequency obtained in matrices are in
agreement with those from the gas phase data. Ab initio
calculations by Dolg and Stoll'?® dealt with the ground state
of the molecule and gave its constants in good agreement
with experiment.

The studies of the HoO electronic spectra revealed 4 low-
lying states (including the X8.5 ground state) which were
assigned to the *°(5I)s subconfiguration and 6 excited states
with energies 17 600-22 400 cm ™' most of which could be
assigned to the f°(5I)d and f'°(5I)p superconfigurations.
The Ligand field calculations were carried out by Carrete
and Hocquet,230 who considered all the f'°(5I)s states with
the total statistical weight 130, and by Dulick ef al.,**” who
did only the f'°(5I)s states up to 10 000 cm ™' with Zp = 74.
The results obtained by Dulick et al.**’ were closer to
experimental data because of using the parameter G; =
300 cm ™' as compared with G5 = 150 cm ™' used by Carrete
and Hocquet.*° The deviations were the largest for lower
states. That is why in Table 48 the estimated energies and
statistical weights for the unobserved states of the fm(SI)s
subconfiguration up to 10 000 cm ™' are taken from Dulick
etal.,”*” and the data in the interval 10 000-15 000 cm ™" are
taken from Carrete and Hocquet,230 with corrections for
mean deviation. In Table 48 also the estimated statistical
weights for the f'°(5SDFG)s states from 15 000 cm ™' are
given, for the remaining f'’s states higher than 21 500 cm ",
and for the flo](SI)d and flO(SI)p states assuming the energies

and the assumed dissociation limit.

of the lowest states at 12 500 and 18 500 cm ™', respectively,
and placing the other states of the f'°nl configurations as in
case of the f'% configuration. The upper limit for all
configurations is assumed to be a sum of the dissociation
energy and the ionization potential, so that all the estimated
states are considered stable.

The derived standard entropy at room temperature is

S°(298.15 K) = (244.590 +0.10) JK~' mol ™!

and the coefficients of the equations for the heat capacity are

Cy/(JK 'mol™") = 48.31232 4 76.8332 x 107*(T/K)
— 155.715 x 107°(T/K)* + 76.9567
x 107(T/K)’ — 1.57926
x 10°(T/K) 2

for the 298.15-900 K range, and

Cp/(JK™"mol™") = 43.11154 — 5.49748 x 10(T/K)
+3.07490 x 107%(T/K)* — 0.350566
x 107°(T/K)? + 4.11955
x 10°(T/K) 2

for the 900-4000 K range.

4.12.2. Enthalpy of formation

The results for the enthalpy of formation of HoO(g) are
presented in Table 49. Ames et al.’*® carried out Knudsen
effusion measurements of the weight loss of Ho,O3(cr). The
results of these measurements were treated in this work under
the assumption of congruent vaporization of Ho,Ojs(cr)
according to reaction

Ho,05(cr) = 2HoO(g) + O(g),
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TaBLE 49. The enthalpy of formation of HoO(g), in kJ mol ™!

KONINGS ET AL.

Authors Method* T/K Reaction AH°(298.15 K) AH°(298.15 K)
Ames et al.>*® K 2487-2711 Ho,03 = 2HoO(g) + O(g) 1988.4 -71.0

Murad and Hildenbrand*®° M 1855-2178 Ho(g) + TiO(g) = HoO(g) + Ti(g) 65.5 —57.8
Selected value: Dy(HoO) = 604.1 + 10 —57.8 £ 10

K = Knudsen effusion; M = mass spectrometry; T = transpiration.

neglecting the possible formation of Ho(g) atoms in the vapor
(see Sec. 4.1). The enthalpy of formation of HoO(g) so
calculated must be more negative than the correct value, the
degree of deviation being dependent on amount of Ho atoms in
vapors. Comparison with the results of Murad and Hilden-
brand”®® confirms this conclusion. The selected value

AH®(HoO, g, 298.15 K) = —(57.8 + 10) kJmol

is taken as a rounded third-law value calculated from the latter
work. The selected enthalpy of formation corresponds to
Do(HoO) = (604.1 & 10) kJ mol .

4.13. ErO(g)
4.13.1. Heat capacity and entropy

Thermal functions of ErO(g) in the standard state have been
calculated using the molecular constants presented in Table 50.

The electronic spectrum of ErO was investigated in emis-
sion and absorption by Kaledin and Shenyavskaya®> (see
Huber and Herzberg179 for references to earlier works). The
observed spectrum was highly complex. Only one rotational
band at 5066 A, observed in emission and absorption, was
analyzed. It was supposed to be connected with the X8 ground
state of the f''(4I)s subconfiguration as predicted by Field.>**

TaBLE 50. Molecular constants of 1(’(’Er”’O(g)

T, w, wx, B, al0® D210’ p
No. State em™! pm Di
0* X0~ 0 849" 354" 0359 1.9° 257 179.4 1
1° 25 2
2° 95 2
3¢ 205 2
4° 350 2
5¢ 525 7
6° 730 4
7° 1030 6
8° 1550 4
9° 2100 2
10° 6115 14
11° 6920 14
12¢ 11 500 24
13° 15 700 50
14 20 000 70
15° 25 000 80
16° 30 000 280
17° 35 000 370
18° 40 000 450

“Experimental state.

®Calculated from AG;,, = 841.5 cm ™ (see text) and the assumed dissociation
limit.

“Calculated from the Kratzer relation.

dCalculated from the Pekeris relation.

“Estimated state.
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The values of the fundamental frequency of ErO were
measured in solid inert gas matrices by Weltner and De
Kock?* in Ar (829 crnfl), Willson and Andrews”'? in Ar at
10 K (828.5 and 785.5 cm ™! for Er'°O and Er'0, respec-
tively), and Willson et al.**®in Ar (828.5 cm™ ). Taking into
account the matrix shift (~13 cmfl), the value 841.5 cm ™! is
obtained for AG,,, in the gas phase.

In the present work, the vibrational constants for ErO are
calculated from above mentioned value AG;, = 841.5 cm™!
and the assumed value of the dissociation limit. Rotational
constants are calculated using By = 0.3583 cm ™' from Kaledin
and Shenyavskaya®®> and the well known Pekeris and Kratzer
relations.

The molecular constants for all lanthanide monoxides were
calculated ab initio using pseudopotentials having the 4f
orbitals in the core by Dolg and Stoll'®* and compared with
experimental data. Although there was no overall agreement
between calculated and experimental data in the LnO series,
the calculations indicated that the vibrational constants and
internuclear distances of the lanthanide monoxides in electro-
nic states of the same type of configurations changed very
regularly. The selected values for r, (ErO) = 179.4 pm and
w, = 849 cm™ ' can be compared with r,(DyO) = 179.4 pm,
r.(HoO) = 179.59 pm, and w,(DyO)= 849 cm™ ' and w.(HoO)
=848 cm ™.

According to Field,”** the ground state subconfiguration of
ErOis f! 1(41)s and the ground state is X8. Dulick et al**" and
Carrete and Hocquet™° carried out the Ligand field calculation
of the subconfiguration ' ' (4I)s and confirmed the X0~ ground
state. Carrete and Hocquet230 considered all the f1 l(4I)s states
(total statistical weight 104), while Dulick et al.**’ gave only
states up to 10 000 cm ™' with £p = 60. The results obtained by
Dulick ez al.**” and and Carrete and Hocquet®° were very close
for three lowest states. In the present work we use the estimated
energies of the f''(4I)s states as recommended by Carrete and
Hocquet.”® Table 50 presents also the estimated statistical
weights for the other f''s states (higher 17 000 cm '), and for
the f''d, f''p, and f** states (higher 13 000 cm ™', 20 000 cm ',
and higher 40 000 cm ™', respectively).

The derived standard entropy at room temperature is

S°(298.15 K) = (256.473 £0.10) JK ' mol ',

and the coefficients of the equations for the heat capacity are

Cy/(JK ' mol™") = 43.23815 — 471231 x 107*(T/K)
+0.571735 x 107°(T/K)? + 0.747515
x 107°(T/K)* — 2.55285
x 10°(T/K) 2

for the 298.15-1300 K range, and
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TaBLE 51. The enthalpy of formation of ErO(g), in kJ mol ™!

Authors Method* T/K Reaction AH°(298.15 K) AH°(298.15 K)
Ames et al.>*® K 2492-2687 Er,03 = 2ErO(g) + O(g) 2017.1 —-38.5
Murad and Hildenbrand*®° M 1855-2165 Er(g) + TiO(g) = ErO(g) + Ti(g) —~76.8 -32.9
Selected value: Dy(ErO) = 593.7 + 8 —329 + 8

K = Knudsen effusion; M = mass spectrometry.

Cy/(JK™"mol™") = 33.60868 + 3.85434 x 10(T/K)
—0.382306 x 10°(T/K)?
+0.0464068 x 10~°(T/K)* +2.52559
x 10°(T/K) 2

for the 1300—4000 K range.

4.13.2. Enthalpy of formation

The results for the enthalpy of formation of ErO(g) are
presented in Table 51. Ames et al.””° carried out Knudsen
effusion measurement of weight loss for several Ln,Os(cr)
oxides. As in the case of Sm,Os(cr) and other lanthanide
oxides, results of these measurements were treated under
assumption of congruent vaporization of Er,O3(cr) according
to reaction

Er,Os(cr) = 2ErO(g) + O(g),

neglecting the possibility of formation of Er(g) atoms in the
vapor. In case of considerable degree of ErO dissociation this
treatment will result in overestimated ErO stability. Mass
spectrometric measurements of isomolecular oxygen
exchange reaction have been carried out by Murad and Hil-
denbrand.**® Results of both papers do not differ significantly,
the enthalpy of formation of ErO(g) calculated from results of
Ames et al. being only ~5 kJ mol~' more negative than that
obtained from mass-spectrometric measurements of Murad
and Hildenbrand. This closeness demonstrates that Er(g) does
not predominate in the Er,Os(cr) vapor, in accordance with
mass-spectrometric data on ErO*/Er" ratio.’*®
The selected value

A/H°(ErO, g, 298.15 K) = —(32.9 4 8) kJmol

is taken as the rounded third-law value from the work of Murad
and Hildenbrand.”®® The selected enthalpy of formation cor-
responds to Dy(ErO) = (593.7 + 8) kJ mol .

4.14. TmO(g)
4.14.1. Heat capacity and entropy

The thermal functions of TmO(g) in the standard state have
been calculated using the molecular constants presented in
Table 52.

The spectrum of TmO was measured only by infrared
spectroscopy in solid inert gas matrices by Weltner and De
Kock”* and Willson er al.>*® in Ar (832 cm™") and by Willson
and Andrews”'? in Arat 10 K (832.0 cm™ " and 788.9 cm ! for
Tm'0 and Tm'®0, respectively).

The molecular constants for all lanthanide monoxides were
calculated ab initio by Dolg and Stoll'”* and compared with
experimental data. Although there was no overall agreement
between calculated and experimental data in the LnO series
(see also Sec. 7.2.3), the calculations indicated that the vibra-
tional constants and internuclear distances of the lanthanide
monoxides in electronic states of the same type of configura-
tions changed very regularly. In the present work we accept the
extrapolated value of r,(TmO) = 179.0 pm considering
r.(HoO) = 179.59 pm and r,(ErO) = 179.4 pm. The accepted
value AGy), = (845 £ 5) cm ™! for TmO is estimated from the
matrix value 832 cm ' taking into account matrix shift about
13 cm ™. From this value and the dissociation limit according
to Birge-Sponer extrapolation one gets @, = 853.5 cm ™' and
wx, = 4.24 cm ! (compare w,(HoO) = 848 cmfl).

According to Field**? the ground state superconfiguration of
TmO is f'%s. Dulick er al.**’ and Carrete and Hocquet®*
carried out the Ligand field calculation of the subconfiguration
4f'%(3H)6s. Kotzian et al.'”” calculated the 4f'*(3H)6s and
some of the 4f'*(3F)6s states using the Intermediate Neglect of

TaBLE 52. Molecular constants of '**Tm'®0(g)

T, w, wx, B, al0® D10’

Te
—1

No. State cm pm Di
0 X(3.5) 0 853.5" 424> 0360 2.0° 2.56° 179.0 2
1¢ 24 2
2° 190 2
3¢ 320 2
4° 420 2
5¢ 510 2
6° 650 4
7° 860 2
8 1670 2
9° 1910 2
10° 2560 4
11° 5230 4
12¢ 6490 14
13¢ 8100 14
14° 8900 4
15° 10 050 4
16° 12 050 10
17¢ 13 180 8
18° 15 000 50
19¢ 20 000 700
20° 25 000 90
21° 30 000 100
22° 35 000 110
23° 40 000 130

“Experimental state.

Estimated (see text).

“Calculated from the Pekeris relation.
dCalculated from the Kratzer relation.
°Estimated state.
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Differential Overlap model (INDO/S-CL). There is even no
qualitative agreement between results of these calculations.
Moreover, the ground state from the Ligand field calculations
Q = 0.5 while from INDO/S-CL calculation Q = 3.5 (both
states were derived from the same 4f'*(3H)6s subconfigura-
tion). However, for the calculation of the thermal function it
does not change much: both states have the same statistical
weight (pX = 2). The most serious difference is in the
arrangement of the states, mainly the first excited states.
Kotzian e al.'®” calculated the first excited state at 24 cm ™'
whereas the Ligand field calculation gave 128 or 97 cm ™.
In the present work we accept the data obtained by Kotzian
et al."”” and add the estimations of the states f'°d (according to
Kotzian er al'”’ above 13150 cm™'), fp (higher
20 000 cm™ "), and f** (higher 40 000 cm ™).
The derived standard entropy at room temperature is

S°(298.15 K) = (255.041 £ 0.15) JK~ " mol !

and the coefficients of the equations for the heat capacity are

Cy/(JK™"mol™") = 37.63499 4 4.06981 x 10*(T/K)
—2.78859 x 107%(T/K)* 4 0.967411
x 107°(T/K)® — 6.69507
x 104(T/K) 2

for the 298.15-1700 K range, and

Cp/(JK 'mol™") = 39.61651 — 0.540323 x 10*(T/K)
+1.26385 x 107°(T/K)* — 0.143823
x 107°(T/K)* — 1.21233
x 10°(T/K)

for the 1700-4000 K range.

4.14.2. Enthalpy of formation

The results for the enthalpy of formation of TmO(g) are
presented in Table 53. Ames et al.”° carried out Knudsen
effusion measurement of weight loss for several Ln,O5(cr)
oxides. As in the case of Sm,Os(cr) and other lanthanide
oxides, the results of these measurements were treated under
assumption of congruent vaporization of Tm,O5(cr) according
to the reaction

Tm,0;3(cr) = 2TmO(g) + O(g),

neglecting possibility of formation of Tm(g) atoms in the
vapor. In case of considerable degree of TmO dissociation

KONINGS ET AL.

Mass spectrometric measurements of isomolecular oxygen
exchange reaction have been carried out by Murad and Hil-
denbrand.”*® Results of both papers seriously differ, and the
enthalpy of formation of TmO(g) calculated from results of
Ames et al. is about 260 kJ mol~' more negative than that
obtained from mass-spectrometric measurements by Murad
and Hildenbrand. This difference can be explained by a large
concentration of Tm atoms in the Tm,O3(cr) vapor in accor-
dance with mass-spectrometric data for the TmO'/Tm"
ratio.”°

The selected value

AfH®(TmO, g, 298.15 K) = —(13.6 £ 8) kimol ™

is taken as a rounded third-law value from the work of Murad
and Hildenbrand.”®® The selected enthalpy of formation cor-
responds to Do(TmO) = (492.7 + 8) kJ mol L.

4.15. YbO(9)
4.15.1. Heat capacity and entropy

The thermal functions of YbO(g) in the standard state have
been calculated using the molecular constants presented in
Table 54.

The electronic spectrum of YbO was investigated in emis-
sion by Melville ef al.**° and in laser excitation and fluores-
cence by McDonald et al.,297 Linton et al.,227 and Steimle
et al.**® The values of the fundamental frequency of YbO
were observed in solid inert gas matrices by Willson and
Andrews"” in Ar at 10 K (660.0 and 625.8 cm ™' for Yb'°O
and Yb'®0, respectively), and by Willson ez al.**® in Ar (659.9
cmfl). Taking into account the matrix shift, the values
obtained in matrices are in agreement with the gas phase data.

Ab initio calculations for YbO carried out by Dolg and
Stoll,193 Dolg et al.,lg4 and Cao ef al.'”® revealed a marked
disagreement with each other and the experimental data. The
theoretical calculations performed by Liu e al. > favored a Q
= 0" ground state of a leading f'*60 configuration (in agree-
ment with the interpretation of the experimental data) and
predicted the 5 low-lying f*°s states.

The studies of the YbO electronic spectra revealed 7 low-
lying states including the X'X" (#'*) ground state, 5 of which
were assigned to the f**s and one to the f**d configurations, and
several excited states with energies 16 400-24 700 cm ™',
assigned to the f**d and f**p configurations of YbO and to the
fsp® and f**dp® superconfigurations of Yb"O ™. Ligand field
calculations by McDonald ef al.**” and Carrete and Hocquet™°
resulted in all the f'°s states (the total statistical weight 28);

this treatment will result in overestimated TmO stability. Dulick ez al.>*’ obtained only the f**s states up to 10000 cm ™'
TaBLE 53. The enthalpy of formation of TmO(g), in kJ mol '

Authors Method* T/K Reaction AH°(298.15 K) AH®(298.15 K)
Ames et al.”*® K 2450-2641 Tm,0s(cr) = 2TmO(g) + O(g) 1597.1 —270.4

Murad and Hildenbrand*®° M 2249-2364 TmO(g) + Al(g) = Tm(g) + AlO(g) —16.3 —13.6
Selected value: Dy(TmO) =492.7 £ 8 —13.6 £ 8

K = Knudsen effusion; M = mass spectrometry.

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014
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TaBLE 54. Molecular constants of 174Yb'GO(g)

T, o, ox. B, al0° D10

e
—1

No. State cm pm  p;
0* x's* 0 689.9° 3.49" 0.3524314.2 3.68° 180.7 1
1# )0~ 839 832¢ 34 0355 19 26% 1801 1
24 1 944 2
3¢ 12 2337 2
4° 22 2631 2
5¢ (D3 4216 2
6* (3)0" 4566 1
7° 1557 1
8° 5000 12
9° 7500 16
10° 10 000 24
11° 15 000 40
12° 20 000 50
13¢ 25 000 55
14° 30 000 44
15° 35 000 35
16° 40 000 35

“Experimental state.

bCalculated from AG,, = 683.107 cm ™" given by Linton e al.**” and the
assumed dissociation limit.

“Calculated from the Pekeris relation.

dCalculated from the Kratzer relation.

°Estimated state.

with p = 17. The data obtained by McDonald ez al.*®” are
presented in Table 54; they were closer to the experimental
data because of the use of adjustable parameters. In Table 54
also the estimated statistical weights for the f**d states from the
first observed (4637 cm ") are presented, as well as for the ' *p
states (higher than 19000 cmfl), and for the Yb'O™ states
assuming the energies of the lowest state at 15000 cm ™'
The widths of configurations are estimated from the YbIII
spectrum.

The accepted molecular constants for the X'E" state are
derived from the high-resolution spectral data: the rotational
constants from the data obtained by Melville et al.,2% the
vibrational constants (AG,,) from the data obtained by Linton
et al.**’ The vibrational levels of the X'E" state were recorded
in the latter work in the fluorescence spectrum up to v = 8, but
with low accuracy (~6 cm™'). Moreover the ground state was
perturbed in the region near v = 4. The molecular constants for
low-lying states are also estimated from the low-resolution
fluorescence spectral data. They are typical for the f¥ s states
of all lanthanide monoxides, and in the present work we use the
average values. It should be noted that the ground state is the
unique state of the f'* configuration. The constants for this
state differ considerably from those for the other states. The
low-lying f '*s states have practically identical potential curves

TaBLE 55. The enthalpy of formation of YbO(g), in kJ mol '

and therefore the same molecular constants (AG;, ~825 cm ™!

and r, = 180.0 pm). The X'T" state does not correlate with
the Yb and O atoms in their ground states: 1Sg + 3Pg give only
triplet states *IT and ™. However, the components 0" of the
31 and 3T~ states should affect the X'S" state, and because of
the noncrossing rule the ground state should converge to the
ISg + 3Pg limit. The numerous f'°s states (Ep = 28) obviously
have a higher dissociation limit. In the present work we assume
the 3PM—|—3Pg limit lying at 17 288 cm ™' above the dissociation
limit to normal atoms.
The derived standard entropy at room temperature is

$°(298.15 K) = (238.521 £ 0.10) JK ™' mol ™!

and the coefficients of the equations for the heat capacity are

C;/(JK " mol™") = 37.70801 + 48.5496 x 10~*(T/K)
— 68.4668 x 107°(T/K)* + 30.5227
x 107°(T/K)® — 7.73176
x 10°(T/K)

for the 298.15-1000 K range, and

Cy/(JK™"mol™") = 3277497 + 17.3649 x 107*(T/K)
—5.08804 x 107°(T/K)* 4 0.503717
x 107°(T/K)’ + 1.98479
x 108(T/K) 2

for the 10004000 K range.

4.15.2. Enthalpy of formation

There are no measurements of gas phase equilibria to derive
the enthalpy of formation of YbO(g), due to very low con-
centration of YbO(g) in the high-temperature systems. A lower
limit estimate of the YbO dissociation energy (see Table 55)
was obtained by Yokozeki and Menzinger’* from the short
wavelength chemiluminescence cutoffs in the Yb + O; beam-
gas experiment: Do(YbO) > (394.1 +6.3) kJ mol ™. The value
Dy(YDO) = (413.8 £ 4.8) kI mol~! was found by crossing a
thermal beam of Yb atoms with a supersonic seeded beam of
He + O, by Cosmovici ez al.*®" As selected value we take the
rounded result (414.0 + 10) kJ mol~" with increased uncer-
tainty (Table 55), reflecting possible experimental errors in the
work of Cosmovici ef al.**' The selected dissociation energy
of YbO molecule corresponds to:

A/H®(YDO, g, 298.15 K) = —(16 = 10) kImol ™!

Authors Method?® T/K Reaction AH°(298.15 K) AHC(298.15 K)
Yokozeki and Menzinger™” C b Yb(g) + Os(g) = YbO(g) + O,(2) >394.1 4+ 6.3 <39+6.3
Cosmovici er al.*"! MB b Yb(g) + 04(g) = YbO(g) + O(g2) 4138 + 438 —162 4 10
Selected value: Do(YbO) =414 + 10 —16 £ 10

%C = chemiluminiscence; MB = crossed molecular beam.
®Not specified.

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014
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TaBLE 56. Molecular constants of 175Lu'60(g)

T, w, wx, B, @10 D10’
No State cm! pm  p;
0? xX=" 0 8445 3.1 035894 1.76 278" 179.0 2
IS AL, 19392 2
2° ALy, 21470 2
3¢ “Tm2¢ 19520 8
4° B*=' 24 440 2
54 14 100 2
6 15 300 2
74 21 000 8
8¢ 23 700 8
9d 27 000 12
10¢ 31 000 4
114 40 000 20

“Experimental state.

°Dy.

“Unknown upper state in of the transition band at 5120 A.
Estimated state.

4.16. LuO(g)
4.16.1. Heat capacity and entropy

The thermal functions of LuO(g) in the standard state have
been calculated using the molecular constants presented in
Table 56.

Three electronic transitions A’I1; ,-X°X ", A’I15,-X°2", and
B’"-X?%" were analyzed in the emission spectrum of LuO.
Huber and Herzberg'”® reviewed the spectral data on LuO
published till 1975. Later Bernard and Effantin®’* reanalyzed
the known systems and found a new band at 5120 A, which also
was connected with the transition to the ground state. These are
slightly different from values derived from the recent mea-
surements of the pure rotational spectrum of '"*Lu'®0 in its
ground electronic state (X ") by Cooke ef al.,”” which were
published after our analysis was completed. All the upper
states of the transitions were perturbed that indicates many
unobserved states. The values of the fundamental frequency of
LuO were measured in solid inert gas matrices by Willson and
Andrews”'? in Ar (829.3 cm™ ' and 786.2 cm ™! for Lu'®0O and
Lu'®0, respectively) and by Weltner and De Kock®*” in Ar and
Ne (825 and 836 cm ™', respectively). Taking into account the
matrix shift, the values of the fundamental frequency of LuO
obtained in matrices are in agreement with the gas phase data.

Ab initio calculations for the ground state of LuO carried out
by Hong er al.,'”* Wang and Schwarz,*** Kiichle er al.,**
Dolg and Stoll,'*? Dolg et al.,'®* and Cao et al.,'” are in
agreement with the experimental data. Kotzian e al.'®’ cal-
culated the excited states using the INDO model. According to
this calculation, all the states below 45 000 cm ™! arise from

TaBLE 57. The enthalpy of formation of LuO(g), in kJ mol '

KONINGS ET AL.

superconfigurations 5d (A”*A, AT, and B’L"), 6p (*[Tand °%"),
and 65 (X°X"), while the 4f'> states have energies much higher
(100 000 cmfl). These results could not explain either the
upper state of the band 5120 A, or numerous perturbations. The
electronic structures of LaO and LuO are similar. In the present
work the upper state of the band 5120 A is interpreted as the
lowest component of quartet states, found by Schampsand
et al."”® for LaO. The estimates of the excited states are based
on the above mentioned data.

The accepted molecular constants for the X*X" state are
taken from the work by Bernard and Effantin.’*?

The derived standard entropy at room temperature is

S°(298.15 K) = (242.089 +0.03) JK~' mol ™!

and the coefficients of the equations for the heat capacity are

o —1 -1\ _ -3
C;/(JK™"mol™") = 28.20132 4 20.4184 x 107*(T/K)
—16.5159 x 10-%(T/K)*
+4.71909 x 10~°(T/K)?
—1.19650 x 10°(T/K) >

for the 298.15-1300 K range, and

C;/(JK 'mol™") = 40.19679 — 0.758989 x 10°(T/K)
—0.623484 x 107°(T/K)* 4 0.273798
x 107(T/K)* — 2.75040
x 10°(T/K) 2

for the 1300—4000 K range.

4.16.2. Enthalpy of formation

The results for the enthalpy of formation of LuO(g) are
presented in Table 57. Experimental data used in calculations
consist of Knudsen effusion®”® and mass spectrometric mea-
surements of isomolecular oxygen exchange reactions.?’®*%°
The results of all measurements are in fair agreement. At the
same time, mass-spectrometric results are more reliable in
comparison with the KE data, because interpretation of Knud-
sen effusion data is not unambiguous (see Sec. 4.1). Among the
mass-spectrometric data, the results of Murad and Hilden-
brand”® are preferred. Absence of primary experimental data
makes it difficult to recalculate results of mass-spectrometric
measurements of Ames ez al.>*®

The selected enthalpy of formation of LuO(g) is taken as the
rounded value from the paper by Murad and Hildenbrand*®":

A/H°(LuO, g, 298.15K) = —(3.4 £ 10) kJmol "

Authors Method?® T/K Reaction AH°(298.15 K) AH(298.15 K)
Ames et al.””® K 2615-2700 Lu,O5(cr) = 2LuO(g) + O(g) 2150.4 11.5

M 2080-2214 Lu(g) + LaO(g) = LuO(g) + La(g) 1173 5.8
Murad and Hildenbrand®® M 1782-1927 Lu(g) + YO(g) = LuO(g) + Y(2) 45.1 3.4
Selected value: Dy(LuO) = 7589 + 10 34+ 10

K = Knudsen effusion; M = mass spectrometry.

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014
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The selected enthalpy of formation corresponds to Dy(LuO)
= (673.6 + 10) kJ mol .

5. The Actinide Oxides in Solid
and Liquid State

5.1. Ac,05(cr,l)
5.1.1. Polymorphism and melting point

Actinium sesquioxide has an A-type hexagonal sesquioxide
structure (space group P3m1) at room temperature. Similar to
the isostructural A-type lanthanide sesquioxides, high tem-
perature transformations to the H- and X-type structures can be
expected, but no experimental information exists. Considering
the fact that Ac®" has an ionic radius somewhat larger than
La®", the transition temperatures are estimated to be slightly
lower than those in La,O3, i.e., A — H at about 2300 K and
H — X around 2370 K. Similarly, the melting point of Ac,05
is estimated to be about 2600 K.

5.1.2. Heat capacity and entropy

The standard entropy of Ac,05 has been estimated from the
trends in the lanthanide and actinide compounds as

$°(298.15K) = (138.3 +5.0) JK ' mol~!

according to the method proposed by Konings et al.'?’ This is
slightly lower than the value suggested by Konings ef al.**®
which did not take into account the structural discontinuity in
the Ln,Oj3 series, as evidenced by the data for monoclinic
Gd,0s.

5.1.3. Enthalpy of formation

The enthalpy of formation of Ac,O; was estimated by
Konings et al.*°® from the enthalpy of the idealised dissolution
reaction:

An,O3(cr) + 6H" (aq) = 2An*" (aq) 4 3H,0(/)

relating the quantity {AH°(MO, 5) - A_fHO(M3+} to the molar
volume. They thus obtained

AfH®(298.15K) = —(1107 £ 15) kImol !

5.2. ThOy(cr,l)
5.2.1. Melting point

ThO, has a fluorite crystal structure (space group Fm3m),
which is stable up to the melting point. The melting point of
ThO, has been measured by several authors, as summarized in
Table 58. The reported values vary from T = 3323 Kto T
= 3808 K, but the more recent ones agree on a melting point
around T = 3600 K. We here consider the value measured by
Ronchi and Hiernaut,*"’ Tps = (3651 £ 17) K, as the most

TaBLE 58. Temperature of melting of thorium dioxide

Ts/K
Authors Reported ITS-90
Ruff ef al.>*® 3323
Wartenberg and Reusch®”’ 3803
Geach and Harper®'’ 3323 + 25 3328 + 25
Lambertson et al.>!" 3573 + 100 3578 + 100
Benz®'? 3663 + 100 3668 + 100
Chikalla er al.'"’ 3573 3572
Sibieude and Foex>'? 3473 3472
Ronchi and Hiernaut®®’ 3651 + 17 3651 + 17
Manara et al.>* 3620 3620
Selected value: 3651 £ 17

accurate one as it was determined on a well-defined sample (O/
Th ratio = 2.00) and with a well-defined technique.

5.2.2. Heat capacity and entropy

The low-temperature heat capacity of ThO, has been mea-
sured by Osborne and Westrum Jr.>'* These measurements
were used in the CODATA Key Values selection,*’® and
selected here without change:

$°(298.15 K) = (65.234+0.20) JK~ ' mol™".

Magnani et al.>'® reported heat capacity data that are in good

agreement, but the numerical details of this measurement are
not published and the analytical technique is less accurate.
The high-temperature enthalpy increment of ThO, has been
measured by Jaeger and Veens.tra,3 17 Southard,318 Hoch and
Johnston,*" Victor and Douglas,?* Pears et al.,’® Springer
et al. ,32' Springer and Lang:{edrost,322 Fischer et al.,3 23:324 and
Dash et al.**® The data cover the temperature range from 500 to
3400 K as shown in Fig. 15. Up to 2500 K the results are in fair
agreement, except in the low-temperature region where the
data of Victor and Douglas®*® and Springer et al.**' deviate
significantly due to small inaccuracies in temperature or
enthalpy that become prominent close to 298.15 K when using
the {H°(T) — H°(298.15 K)}/(T —298.15) function. The
data listed by Springer et al. have been corrected for obvious
typographical errors. The results of Pears er al.’® are very
scattered and are evidently not accurate enough. Direct heat

100
90
> 80
70

HO(T)-H°(298.15 K)
(T - 298.15)

60 [

50 1 I 1
0 500 1000 1500 2000 2500

T/K

1 1 1 1
3000 3500

FiG. 15. The reduced enthalpy increment (in J K" mol ") of ThO,; O, Jaeger
and Veenstra® 17; A, Southardﬂs; [, Hoch and Johnstonzlg; [ Pears et al.sg;

<, Victor and Douglas320; @, Springer et al.m; W/, Fischer et al.323; |,
Agarwal et al.324; ® Dash et al.325; e, Osborne and Westrum Jr.3'4; the curve

shows the recommended equation.
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FiG. 16. The heat capacity (in J K 'mol™") of ThO,; (O, Ronchi and
Hiemaut307; ] Dash et al¥> ; the curve shows the recommended equation.
Note that the data of Ronchi and Hiernaut®”’ indicate a value of about 600 J
K~"mol™" (not shown in the graph) at the maximum of the anomalie.

capacity measurements of ThO, have been reported by Dash
et al.,”* in good agreement with the enthalpy measurements
(Fig. 16).

Above T = 2500 K, ThO, exhibits an excess enthalpy, like
many high-melting refractory oxides (e.g., UO,, PuO,, and
Zr0,). Fischer et al.** suggested that this effect is due to a
phase transformation and this possibility was studied in detail
by Ronchi and Hiernaut®*” using a thermal arrest technique.
From their results, Ronchi and Hiernaut concluded that a
premelting transition occurs at 3090 K, which was attributed
to order-disorder anion displacements in the oxygen sublattice
(Frenkel defects).

For the recommended heat capacity equation the results of
Southard,318 Hoch and Johnston®'® and Fischer et al.>** have
been combined and fitted to the equation (298.15—- 3500 K):

o —1 -1\ __ -3
Cp/(TK"mol ') = 55.9620 + 51.2579 x 10~*(T/K)
—36.8022 x 10%(T/K)?
+9.2245 x 107°(T/K)’
—5.740310 x 10°(T/K)*

constrained to C;(298.15 K) = 61.76 J K~ ' mol ', as derived

from the low-temperature heat capacity measurements by
Osborne and Westrum Jr.>'# The C; derived from this function,

of course, does not reproduce the heat capacity data by
Ronchi and Hiernaut®’ around the order-disorder transition
(see Fig. 16), with a maximum value of 600 J K" mol™'(not
shown in the figure).

No experimental data are available for liquid thorium
dioxide. Fink ez al.**® estimated C; (liq) = 61.76 J K~ ' mol ™",

which is adopted here as
C;(ThO,, lig, T) = 61.8 JK~' mol .

The entropy of fusion is assumed to be identical to that of UO,
(24 T K" mol™"), yielding

Az H® = (88 £ 6) kImol .

5.2.3. Enthalpy of formation

The enthalpy of formation of ThO, is a CODATA Key
Value for Thermodynamics,’'” and is based on the enthalpy of
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combustion of thorium metal by Huber Jr. er al.:**’

A/H(298.15K) = —(1226.4 +3.5) kImol .

Earlier measurements by Roth and Becker’*® gave —(1226
+ 5) kJ mol ™!, which is in good agreement with the selected
value.

5.3. PaOy(cr,l)
5.3.1. Melting point

PaO, has a fluorite crystal structure (space group Fm3m).
No information exists about the high temperature behavior
of PaO,, but it can be presumed that it is similar to the
neighboring ThO, and UO, compounds, i.e. the fluorite
structure is stable up to the melting. The melting point of
PaO, is estimated from the trend in the actinide dioxide
series, as discussed in Sec. 7.2.2, and we estimate Tp,; =
(3200 £ 60) K.

5.3.2. Heat capacity and entropy

The standard entropy of PaO, was estimated by Konings®*’
from the trends in actinide dioxide series:

S°(298.15K) = (81.1 £5.0) JK ' mol "

The high temperature heat capacity of PaO, has been estimated
as

Cy(T)/(JK™"mol™") = 58.0078 + 50.9087 x 10*(T/K)
—35.9277 x 10-%(T/K)? + 9.5704
x 107°(T/K)* — 0.51080
x 108(T/K) 2

using the approach outlined in Konings and Benes™".

5.3.3. Enthalpy of formation

The enthalpy of formation of PaO, was estimated by
Konings ef al.>*® from the enthalpy of the idealised dissolution
reaction:

AnO; + 4H " (aq) = An*"(aq) + 2H,0(1)
relating this quantity to the molar volume. They thus obtained

AH®(298.15 K) = —(1107 + 15) ki mol .

5.4. }"UO3
5.4.1. Polymorphism

v-UO3 is one of the many crystallographic modifications of
UQOs;, but probably the thermodynamic stable one above room
temperature.”*"**? It has an orthorhombic cell (space group
Fddd) at 298.15 K. It transforms at ~373 K to a closely related
tetragonal structure (space group I4/amd).
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5.4.2. Heat capacity and entropy

Low-temperature heat capacity measurements of UO3 have
been reported by Jones et al.** from 15 to 300 K. Based on the
sample preparation and the color of the product, it is generally
believed that it had the vy structure. Cordfunke and Westrum
Jr.3* measured the low-temperature heat capacity of a well-
characterised y-UO; sample from 5 to 350 K, yielding some-
what lower values. The selected entropy value is taken from
that study

S°(298.15K) = (96.11 +0.40) JK" mol .

The high temperature heat capacity of UOj; of unknown
crystallographic structure has been measured by Popov
et al.>® from 392 to 673 K. The high-temperature enthalpy
increment of UO5 has been measured by Moore and Kelley”>°
from 416 to 886 K on a sample of unspecified crystallographic
structure, but since it was identical to that used by Jones
et al.>* for the low-temperature measurements, the results
most likely refer to y-UO;. Cordfunke and Westrum Jr.***
measured the high-temperature enthalpy increment from 347
to 691 K on a well-defined sample having the y structure. These
measurements do not reveal the phase transition at ~373 K,
which means that the entropy of transition is negligible.
The results of the two enthalpy studies agree well, and
although the latter study is made on a better characterised
sample, our recommended heat capacity equation is based on a
fit of all results, since the study by Moore and Kelley*° covers
a wider temperature range. The enthalpy fit is constrained to
C;(298.15 K)=281.671] K~ ! mol™! from the low-temperature

measurements and yields for the heat capacity:

Cp/(JK ' mol™") =90.2284 + 13.85332 x 107*(T/K)
—1.12795 x 10(T/K) 2.

5.4.3. Enthalpy of formation

The enthalpy of formation of y-UOj3; is a CODATA Key
Value for Thermodynamics,3 15 and is based on the enthalpies
of dissolution of uranium oxides in Ce(IV) solutions corrected
to stoichiometric UO;5 by Fitzgibbon er al.,*” and on the
dissolution of y-UO5 and UF¢(cr) in HF solutions by Johnson
and O’Hare.”*® The value is in agreement with the decom-

position pressures measured by Cordfunke and Aling™?:

AH®(298.15 K) = —(1223.8 +2.0) kJ mol .

5.5. U308(cr)
5.5.1. Polymorphism and melting point

At room temperature o-U;Og(cr) has an orthorhombic
structure (space group C2mm). It transforms to a hexagonal
structure (space group P62m) at 483 K. This transition is
revealed as a clear A peak in the heat capacity studies.*****°
They indicated two additional peaks at 568 and 850 K (see

below), whose origin is not established but presumably
involves further changes in ordering in the lattice.

At atmospheric pressure U3;Og decomposes before melting.
The melting temperature of U3;Og was determined by Manara
et al**" as (2010 £ 30) K under a pressure of 1 kbar pure
helium.

5.5.2. Heat capacity and entropy

The low-temperature heat capacity of U;Og has been mea-
sured by Westrum Jr. and Grenvold**? from 5 to 350 K, which
revealed a A type transition at 25.3 K, probably of magnetic
origin. The standard entropy derived from this work, also

accepted as CODATA Key Value for Thermodynamics,®'” is

S°(298.15K) = (282.55+0.50) JK ' mol .

The high-temperature heat capacity of U3Og has been
measured by Popov et al.>* from 350 to 875 K, Girdhar and
Westrum Jr.** from 303 to 529 K, and Inaba et al. 340 from 310
to 970 K. The high-temperature enthalpy increment has been
measured by Maglic and Herak™** from 312 to 927 K, March-
idan and Ciopec3 4 from 273 to 1000 K, and Cordfunke whose
results have not been published (cited by Cordfunke and
Konings®). The heat capacity studies by Girdhar and Westrum
Jr.>% and Inaba er al.**" reveal a A peak at 483 K. The latter
authors found two further A peaks at 568 and 850 K. The
enthalpies of the transitions of the peak at 483 K derived from
these studies are, however, very different. Girdhar and Wes-
trum Jr.** derive A, ;H° = 171 J-mol ", Inaba er al.**° A, ,H°
=405 J-mol . As can be seen in Fig. 17, the difference mainly
arises from the fact that the peak is much broader in the
measurements of Inaba er al.>** We consider the measurement
of Girdhar and Westrum Jr.** more precise and select the
value derived from that work. For the transitions at 568 and
850 K we have taken the values from the work of Inaba

et al.,** although they may be somewhat too high:
AysH® (483K) = 171 Jmol !,
A,H° (568K) = 444 Tmol ™!,
A,sH° (850K) = 942 Jmol '
~ 100 N
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FiG. 17. The heat capacity of UO, ¢67; [, Inaba et al.340; [, Westrum Jr. and
Gronvold®**; A, Girdhar and Westrum Jr.**°
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The transitions are not detected in the enthalpy drop studies
since these enthalpy effects are too small.

The experimental studies indicate that the baseline heat
capacity of the three phases can be represented by a single
curve as a function of temperature. The selected heat capacity
curve is taken from Cordfunke and Konings® which includes
unpublished results by Cordfunke. It is subject to the con-
straint of C;(298.15 K) = 237.94 J K™ 'mol ', as given by
Westrum Jr. and Gronvold***:

Cy/(JK " mol™") = 279.267 4 27.480 x 107*(T/K)
—4.3116 x 10°(T/K)*.

Itis recommended to use this equation in combination with the
transition enthalpies.

5.5.3. Enthalpy of formation

The enthalpy of formation of U;Og is a CODATA Key
Value for Thermodynamics,’'” and is based on the enthalpy of
combustion of uranium measured by Huber and Holley Jr.>*°:

AH®(298.15 K) = —(3574.8 +2.5) ki mol .

This value is in close agreement with, but more precise than
earlier values by Huber Jr. and Holley Jr.”® and Popov and
Ivanov.**’

5.6. U409(cr)
5.6.1. Polymorphism

U40y, which has a stability range between 2.234 < O/U
< 2.245, has three polymorphic modifications. The a form
has probably a rhombohedrally distorted fluorite structure.
At 348 K it transforms into the  modification which has a
body-centered cubic (space group 143d). This temperature is
the maximum of the A peak in the heat capacity measured
by Westrum Jr. et al.**® and Grenvold et al.’>*’ Inaba and
Naito®>® and Naito ez al.>>' found that the temperature of this
transition slightly increases with decreasing O/U ratio of the
sample.

The B modification transforms to y-U4Og at about 893 K, as
derived from electrical conductivity and X-ray diffraction
measurements by Inaba and Naito.”>® The structure of this
phase is not known. A disordered UO,,s phase is stable
above 1400 K.*? Essentially this may be regarded as an
order-disorder transformation at a fixed composition,
although strictly it is peritectoid decomposition from U;Oq
(ordered) to UO,. (disordered, x ~ 0.25) and a small amount
of U304_,.

5.6.2. Heat capacity and entropy

The low-temperature heat capacity of U;Oq has been mea-
sured by Osborne ef al.*>* from 5 to 310 K, by Westrum Jr.
et al.>*® from 190 to 399 K, and Flotow et al.** from 1.6 to
24 K. The results are in good agreement. The standard entropy
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derived from these measurements is>>"

S°(298.15K) = (334.1 £0.7) JK 'mol .

In addition to the results of Westrum Jr. et al.,>*® which
extend to 399 K, three more high-temperature heat capacity
studies have been reported. Gotoo and Naito®> reported
measurements from 297 to 515 K, Grenvold et al.**° from
303 to 997 K, and Inaba and Naito™ from 190 to 470 K.
MacLeod*** measured the enthalpy increments of U4Oq from
845 to 1568 K. The heat capacity studies show that the o — 3
transition is associated with a strong A-type peak. The f — vy
transition is only evident from a spread in the C, results of
Gronvold et al.>** We have selected the heat capacity equation
given by Cordfunke and Konings,® which describes the three
phases with one polynomial, treating the A transition as an
enthalpy discontinuity only

Cp/(JK"mol™") = 319.163 +49.691 x 107*(T/K)
—3.9602 x 10°(T/K) 2.

MacLeod?>” has analysed the integrated enthalpy for the
a — [ transition as A, H°(a-f) = 2594 J-mol ' The S to y
transition has been assumed to have a negligible associated
enthalpy. Although MacLeod analysed his data to suggest
A, H°(1395 to 1405 K) = 9.372 kJ mol ', this calculation
seems to be in error - the enthalpy difference between the
disordered UO; ; , and the y-phase at 1400 K, from Eqgs. (5) and
(6) is in fact 11.90 kJ mol .

5.6.3. Enthalpy of formation

The selected enthalpy of formation of U4Oy is

A/H®(298.15K) = —(4512 4+ 7) kJmol !

based on the enthalpies of solution of UO,, U409 and y-UOj5 in
aqueous Ce(IV) solutions measured by Fitzgibbon er al.*®’
This value is supported by the less precise work of Burdese and
Abbatista®® using dissolution in nitric acid.

5.7. UOy(cr,l)
5.7.1. Melting point

UO, has a fluorite crystal structure (space group Fm3m),
which is stable up to the melting point. The reported melting
temperatures are listed in Table 59, which shows considerable
variation. This is due to the fact that deviations from stoichio-
metry and the relatively high vapor pressure have significant
effects, in addition to interactions of liquid with the container
material. We select the value Ty, = (3130 £ 20) K. The exact
congruent melting composition at atmospheric pressure is still
controversial. Most probably, it lies between UO; g and
U0, 4. 357358
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TaBLE 59. Temperature of melting of uranium dioxide

Ty /K

Authors Reported ITS-90
Ackermann®’ 2680 + 19

Lambertson and Handwerk>®® 3323 +£20

Wisnyi and Pijanowski*®’ 3033 £+ 30

Ehlert and Margrave®®? 3133 + 45

Pijanowski and DeLuca®®? 3033 + 30 3050 + 30
Chikalla** 3003 + 30

Lyon and Bailey®®® 3046 + 21

Hausner*®® 3078 £ 15

Lyon and Bailey*®’ 3113 + 20

Latta and Fryxell’*® 3138 + 15 3142 + 15
Tachibana er al.** 3118 + 25 3120 =+ 25
Ronchi and Sheindlin®”° 3110 + 10 3110 £ 10
Manara ez al.””" 3147 + 20 3147 £ 20

Kato et al.”’* 3123 3123
Selected value: 3130 +£ 20

5.7.2. Heat capacity and entropy

The low-temperature heat capacity of UO, has been mea-
sured by Jones ef al.*** from 15 to 300 K and Hunzicker and
Westrum Jr.>” from 5 to 330 K. These measurements reveal a
transition at 30.4 K from a low-temperature antiferromagnetic
state to a high-temperature paramagnetic state. The selected
standard entropy is the CODATA Key Value,*'> which is
solely based on the results of Hunzicker and Westrum Jr.*”
that refer to a better characterised sample:

$°(298.15K) = (77.03 +0.20) JK " mol "

The high-temperature data for UO, extend into the liquid
range (up to 8000 K) and have been obtained as heat capa-
city3349379387 and  enthalpy increment values.?*®?74
378388390 The results are shown in Figs. 18 and 19. There is
in general good agreement between the different studies, with
exception of the early heat capacity measurements, 23837383

It is now well established that the heat capacity of UO, shows
an anomalous increase above 1800 K. Neutron scattering mea-
surements by Hutchings®'*°% and Clausen ez al.**” reveal that
thermally induced disorder as a results of Frenkel pair formation
on the oxygen lattice occurs at temperatures above 2000 K. These
studies also showed that excitation of the electronic levels of U*"
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FiG. 18. The reduced enthalpy increment (in J K=" mol™") of UO,;0, Moore
and Kelley336; ], Ogard and Leary374; /\ Fredrickson and Chasan0v375; Vs
Hein and Flagella376; 0, Leibowitz er al.>”’; 8,378, @, Mills er al.’”’; o, value
derived from the low-temperature measurements by Hunzicker and Westrum
Ir.%7; the curve shows the recommended equation.
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Fic. 19. The heat capacity of UO,; o, Ronchi et al.*®’; [, Grenvold et al.>*’;
A Amaya et al.>®'; 7, Popov et al.***;0, Hunzicker and Westrum Jr.>"*; &,
Inaba et al.***; the curve shows the recommended equation.

contribute to the anomalous behavior. According to Ronchi and
Hyland*”* the former dominate. The heat capacity measurements
in the pre-melting range by Hiernaut er al.**® showed a order-
disorder transition with a peak at (2670 4 30) K.**° The heat
capacity maximum of this peak reaches values above 215 J K !
mol~'. Above this transition also the role of Schottky effects
must be taken into account.’*

Numerous evaluations of the heat capacity of solid and
liquid UO; have been reported. The listing for the CODATA
Key values’'” is based on the evaluation in Glushko ez al.,**>
which is also adopted for the Equation of State description of
UO, by Ronchi er al’*® That recommendation does not
include the heat capacity data by Ronchi and cowor-
kers***-3¢-37 in the premelting and liquid range. For that
reason we have re-fitted the experimental data in a combined
treatment of enthalpy increments and heat capacity, to give

o -1 -1\ __ -3
Cy/(JK " mol™") = 66.7437 + 43.1393 x 10~*(T/K)
—35.640 x 107°°(T/K)*
+11.655 x 107(T/K)?
—1.16863 x 10°(T/K) 2.

This single equation describes the data below and above the A
transition, since no change in the slope of the heat capacity or
enthalpy curves were observed.

The enthalpy increment of liquid UO; has been measured by
Hein and Flagella®’® (four temperatures up to 3270 K) and by
Leibowitz et al.>*® (six temperatures between 3173 and 3523
K). These measurements suggest a constant heat capacity
value in this temperature range. The heat capacity measure-
ments for liquid UO, by>®” show a decrease from about 120
J K" mol ™! near the melting point to about 84 J K~' mol ' at
4500 K, followed by an increase to the maximum temperature
of the measurements, 8200 K. Since itis not possible to fit these
data into a single polynomial equation of the type used in the
present assessment, we have fitted the heat capacity data by
Ronchi et al.*®” from the melting point to T = 5000 K to the
following equation:

o -1 -1y __
C;/(TK " mol™") = 1365.4956 — 0.85866(T/K)
4 191.305 x 10~°(T/K)?
—14.1608 x 107°(T/K)>.
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The enthalpy of fusion of slightly hypostoichiometric UO,
samples was derived from enthalpy increment measurements
as 76 kJ mol ' by Hein and Flagella®’® and 74 kJ mol ' by
Leibowitz er al.’”” We select

ApsH® = (75 £ 3) kImol .

The selected enthalpy of fusion together with the heat
capacity equations reproduce the enthalpy data for liquid UO,
by Hein and Flagella®’® and Leibowitz et al.**® within 2%.

5.7.3. Enthalpy of formation

The enthalpy of formation of UO, is a CODATA Key value
for Thermodynamics,®'> which has been accepted here. This
value is based on the combustion calorimetric experiments
work by Huber and Holley Jr.**® and Johnson and Cord-

funke”’:

AH®(298.15 K) = —(1085.0 =+ 1.0) kI mol ™!

5.8. Np,Os(cr,l)
5.8.1. Crystal structure

Np,Os has a monoclinic structure (space group P2/c). It
decomposes to NpO, and O, at about 700 K.*%®

5.8.2. Heat capacity and entropy

The low-temperature heat capacity of Np,Os has not been
measured. Merli and Fuger’®” have estimated the entropy at
room temperature as S°(298.15 K) = (186 = 15)J K 'mol !,
and Lemire**’ as $°(298.15 K) = (163 £23) JK ™' mol ~'. We
select

$°(298.15K) = (186 + 15) JK ' mol".

as this value is in agreement with the variation of the standard
entropy of the uranium oxides.

The high-temperature heat capacity of Np,Os has been
measured by drop calorimetry from 350 to 750 K by Belyaev
et al.,**' who gave the following equation:

o —1 -1\ __ -3
Co(T)/(JK "mol™!) = 99.2 +98.6 x 107 (T/K).

5.8.3. Enthalpy of formation

The enthalpy of formation of Np,O5 has been measured by
Belyaev er al.*** and by Merli and Fuger’® by solution
calorimetry. The results of the two studies, —2148 kJ mol '
and —(2162.7 + 9.3) kJ mol ™' respectively, are in poor a-
greement. We select the value derived by Merli and Fuger™’
as it was based on a well-defined sample and a quick and well-
defined dissolution reaction. It remains unchanged when
recalculated

AH®(298.15 K) = —(2162.7 +9.3) ki mol .

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014

KONINGS ET AL.

5.9. NpOy(cr,l)
5.9.1. Melting point

NpO, has a face-centered cubic crystal structure (space
group Fm3m) which is stable up to the melting point. The
melting point of NpO, was reported to be (2833 £ 50) K by
Chikalla ez al.,*** which becomes (2836 + 50) K on ITS-90.
However, recent work by Bohler er al.*** using self-crucible
laser melting gave a value of (3072 + 66) K, which is selected
here. Due to the high oxygen pressure of neptunium dioxide
at temperatures close to melting, it cannot be excluded that
the congruent melting composition of this compound be
slightly hypostoichiometric.

5.9.2. Heat capacity and entropy

The low-temperature heat capacity of NpO, has been
measured by Westrum Jr. et al.*® by adiabatic calorimetry
from 5 to 300 K, yielding for the standard entropy:

S°(298.15K) = (80.3+0.4) JK "mol".

Magnani er al.®'® reported heat capacity data that are in
excellent agreement, but the numerical details of this measure-
ment have not been reported.

The high-temperature enthalpy increment of NpO, has been
measured by Arkhipov et al.**° from 350 to 1100 K, by Nishi
et al.**” from 334 to 1071 K and by Benes e7 al.**® from 376 to
1770 K. The latter two studies were made on very small
samples (less than 100 mg). The results by Arkhipov
et al.** are in poor agreement with the low-temperature data
and are significantly higher than the other two studies (Fig. 20).
The results by Nishi er al.**” and Benes et al.**® are in excellent
agreement and fit the low temperature data very well (Fig. 20).
Several estimates of the heat capacity of NpO, have been also
reported. Yamashita e al.**° and Serizawa er al.*'? calculated
the lattice heat capacity from the phonon and dilatation con-
tributions using Debye temperature, thermal expansion and
Grineisen constants and the electronic contributions from
crystal field energies. As shown in Fig. 20 they are in fair
agreement with the experimental data.

Above 2000 K, it is likely that the heat capacity of NpO,
exhibits an excess component due to defect formation
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FiG. 20. The reduced enthalpy increment (in J K~ 'mol™") of NpO,; [,
Arkhipov et al. 406. 0 Nishi et al.**”; o, Benes er al.*%; o, value derived from the
low-temperature measurements by Westrum Jr. er al.**’; the dashed curve
shows the recommended equation based on the estimates of Serizawa er al.*'®
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(principally oxygen Frenkel pairs). No information on this
effects exists for NpO,, but Konings and Benes**” estimated
this contribution from the heat capacity values for ThO,, UO,,
and PuO, by interpolating the enthalpy of oxygen Frenkel
pair formation. By adding this contribution to the representa-
tion of the experimental results they obtained

o —1 -1\ __ -3
C(T)/(TK 'mol ') = 64.7712 + 43.8574 x 10 >(T/K)
—35.0695 x 107°(T/K)?
+13.1917 x 10~°(T/K)*
—0.78932 x 10°(T/K) 2

which has been constrained to 66.20 J K~ mol ™", as derived
from the low-temperature heat capacity measurements by
Westrum Jr. er al.**>

No experimental data are available for liquid neptunium
dioxide. We estimate

C;(NpO,, lig, T) = 66 JK~" mol "

The entropy of fusion is assumed to be identical to that of UO,
(24 T K "mol "), yielding

ApH® = (70 £ 6) kI mol .

5.9.3. Enthalpy of formation

The enthalpy of formation of neptunium dioxide has been
measured by Huber and Holley*'' by oxygen bomb calorim-
etery, the product being stoichiometric NpO,:

A/H°(298.15K) = —(1078.5 £2.7) kImol .

5.10. PuOy(cr,l)
5.10.1. Melting point

PuO, has a face-centered fluorite structure (space group

Fm3m) up to its melting point. The various measurements of
the melting point of PuO, are summarized in Table 60.
Because PuO,, similar to CeO,, starts to lose oxygen according

TaBLE 60. The melting point of PuO,(cr)

Ts/K
Authors Reported ITS-90
Pijanowski and DeLuca®®? 2569 =+ 30° 2586 =+ 30
Russel*"” 2673°
Chikalla®** 2553 + 30° 2556 + 30
Freshley and Mattys*'® 2523
Lyon and Bailey®® 2511 =+ 135° 2513 + 135
Lyon and Bailey™®’ 2663 + 20° 2666 + 20
Aitken and Evans*'” 2663
Riley*'? 2673 + 20° 2682 + 20
Kato et al.”’* 2843 2843
De Bruycker er al.*"? 3017 + 28
Selected value: 3017 £ 28
%n He.
%n Ar.
COZ‘

to the reaction:
X
PuO;(cr) = PuO,_(cr) + Eoz(g),

the melting temperature determinations are difficult to inter-
pret. For example, Chikalla*®* found that samples of stoichio-
metric PuO, had a O/Pu ratio near 1.62 after melting in inert
gas atmosphere. Riley*'” realised that the melting point of
stoichiometric plutonium dioxide could only be defined under
a high oxygen pressure. However, his flame melting experi-
ments were still imprecise and the samples were still affected
by high temperature reduction despite the controlled atmo-
sphere. Also the interaction of the liquid with container
materials affects the results, as demonstrated by Kato
et al.>”* They obtained a melting point for pure PuO, about
200 K higher than the earlier values, when using rhenium as
container material instead of tungsten. This was further con-
firmed by De Bruycker et al.*'**'* who employed a container-
less laser melting technique in oxygen and found an even
higher melting temperature for stoichiometric PuO,, Ty, =
(3017 £ 28) K, which is our selected value.

5.10.2. Heat capacity and entropy

Low-temperature heat capacity measurements have been
performed on samples of >*’PuO, by Sandenaw™'® from 15 to
325 K and Kruger and Savage419 from 192 to 320 K, as well as
the less radioactive 2**PuQ, and >**Pu0Q, from 12 to 350 K and
41025 K, respectively, by Flotow ez al.**° In the latter samples
the effects of accumulation of radiation damage are less
significant and more accurate results in the very low tempera-
ture range can be obtained. For that reason our selected value
for the entropy is solely based on the results by Flotow ez al.**":

$°(298.15K) = (66.13 +0.30) JK~ ' mol "

High-temperature heat capacity of PuO, has been measured
by Engel’® from 300 to 1100 K, and high-temperature
enthalpy increments have been measured by Kruger and
Savage*'” from 298 to 1404 K, Ogard**' from 1500 to
2715 K, and Oetting*** from 353 to 1610 K (Fig. 21). Ogard’s
measurements suggest a rapid increase in C, above 2370 K.
This has been attributed to partial melting of PuO, through
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Fic. 21. The reduced enthalpy increment (in J K! mol’l) of PuO,; o,
Ogard42]; [, Kruger and SavageMQ; \VA Oetting422; e, value derived from
the low-temperature measurements by Flotow ez al.**’; the curve shows the
recommended equation.
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interaction with the tungsten container,*?**** although no

evidence exists for this interaction. A similar rapid increase
is found in the heat capacities of ThO,, UO,, and ZrO,, which
has been attributed to the formation of Frenkel and Schottky
lattice defects at high temperatures. For that reason we have
fitted all experimental data to a polynomial equation con-
strained to C;(298.15 K) = 66.25 J K~ ' mol ', as derived by
Flotow et al.,**° though it proved to be very difficult to fit the
results to the standard form due to strong variation between
room temperature and melting temperature. The following
equation gives an acceptable description up to 2300 K and
includes the upward trend, though the results of Ogard**! in the
2470-2640 K range, which were given a lower weight, could
not be reproduced accurately,

o —1 -1\ __

Co/(JK "mol ") = 35.2952 + 0.15225(T/K)
—127.255 x 107%(T/K)*
+36.289 x 10~°(T/K)?
—3.47593 x 10°(T/K) 2.

No data for the heat capacity or enthalpy of liquid PuO, are
known, except a single enthalpy measurement by Ogard.**'
The enthalpy of fusion is thus estimated, assuming that the
entropy of fusion is identical to that of UO, (22.4 JK ™' mol ™),
yielding

ApH® = (64 +6) kJmol .

We have also estimated for the heat capacity of liquid PuO,
from the value for UO, as

C, =70 JK ' mol™.

5.10.3. Enthalpy of formation

The enthalpy of formation of PuO, has been determined by
Popov et al.,*** Holley et al.*** and Johnson et al.**° by oxygen
combustion calorimetry starting from pure plutonium metal.
The results are in very good agreement, as shown in Table 61.
We select

AH®(298.15 K) = —(1055.8 = 1.0) kI mol !

which is based to the appreciably more precise value by
Johnson e al.,**® who carefully analysed the metal for impu-
rities and applied appropriate corrections.

TaBLE 61. The enthalpy of formation of plutonium dioxide

Authors Method® AH°(298.15 K)/kJ mol ™
Popov et al.*** C —1056.0 + 4.6
Holley er al.**® C —1058.0 + 1.6
Johnson ez al.**° C —1055.8 + 1.0
Selected value: —1055.8 £ 1.0

C = combustion calorimetry.
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5.11. Pu,O3(cr,l)
5.11.1. Polymorphism and melting point

Pu,0; has a hexagonal type-A rare-earth sesquioxide struc-
ture (space group P3m1). It is likely that Pu,O3 may exhibit a
similar high-temperature behavior as the light lanthanide
sesquioxides, with the eventual appearance of H-type and the
X-type structures before melting. This is however not con-
firmed experimentally. The melting point of stoichiometric
Pu,0; was measured by Chikalla ez al.**” and Riley*'? being in
excellent agreement (Table 62), but significantly lower than
the value reported by Holley et al.**® for a less well-char-
acterised sample. We select (2352 4 10) K, based on the results
of Riley,412 corrected to ITS-90, which is, however, relatively
low compared to the lanthanide sesquioxides as well as Am,0O3
and Cm,O5 (see Sec. 7.2.2).

5.11.2. Heat capacity and entropy

Flotow and O’Hare**® have measured the heat capacity of a
sample of ***Pu, 05 from 8 K to 350 K. Their results revealed a
A-type anomaly in the heat capacity at 17.65 K, associated with
an antiferromagnetic transition. The standard entropy derived
from this work is:

$°(298.15K) = (163.02 4+ 0.65) JK~ ' mol !

There are no measurements of the heat capacity or enthalpy
of Pu,Oj5 at high temperatures. We have here estimated the
following equation, based on comparison of actinide and
lanthanide oxides, which fits C;(298.15 K)=116.98 J K

mol™! from the low-temperature heat capacity measure-

ments:428

C;/(JK™"mol™") = 130.6670 + 18.4357 x 107*(T/K)
—1.70530 x 10°(T/K) >

Previously estimated values have been presented by var-
ious authors,3 93429 but these are about 10 kJ mol ™! higher at
2000 K.

We assume that Pu,O; transforms to the H-type structure
at T, = (2300 £+ 50) K, like in the lanthanide sesqui-
oxides and estimate for the enthalpies of transition and
fusion:

A H°(A — H) = (32 £ 10) kI mol
A H® = (71 4+ 10) kI mol ™"

TABLE 62. Temperature of melting of plutonium sesquioxide

T /K
Authors Reported ITS-90
Holley et al.** 2513 + 33 2516 + 33
Chikalla er al.**’ 2358 + 25 2361 + 25
Riley*'? 2348 £ 5 2352+ 5
Selected value: 2352 £ 10
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For the heat capacity of the high temperature modifications
we assume the same values as for Sm,05:

Cy(H,T) = 165 JK ™" mol ™!
Cy(lig, T) = 179 JK~ " mol "

5.11.3. Enthalpy of formation

The assessment of the enthalpy of formation of Pu,05 is not
straightforward, as direct measurements do not exists. The
value must be based on the analysis of the reaction:

%Pu203 (cr) + %Og(g) = PuO,(cr)

This was extensively discussed in various reviews,g’395 430
in which similar results have been derived. These studies
generally refer to the assessment by Markin and Rand**' of
the oxygen potential measurements by the same authors. As
discussed by Lemire et al. ,430 the work of Chereau et al.**?
suggests, however, that the partial enthalpies and entropies
from the work of Markin and Rand might need some adjust-
ment. Guéneau et al.,”>’*** presented a consistent analysis of
the phase diagram and oxygen potential data in the Pu-O
system using the CALPHAD method. The results of that
analysis are in reasonable agreement with the analysis by
Rand,***° though a slight change in the enthalpy of formation
of PuO, has been suggested, which is not consistent with the
present review. If we take the Gibbs energy of the above
reaction, and combine it with the selected values from this
review, we obtain AH®(298.15 K) = —1647 kJ mol ™!, some-
what lower than the value by Rand,**** AH°(298.15 K) =
—(1656 + 10) kJ mol ", or Glushko et al.,**> AJH°(298.15 K)
= —(1670 £ 20) kJ mol . We select

A/H°(298.15K) = —(1647 £ 10) kI mol .

5.12. AmOy(cr,l)
5.12.1. Melting point

Americium dioxide has a fcc fluorite structure (space group
Fm3m). The melting point of AmO, has been measured by
McHenry.*** His experiments were hindered by the effect of
dissociation, but McHenry concluded from measurements at
different heating rates that the melting point of the dioxide is
about 2383 K. However, this value is probably not referring to
stoichiometric AmO,, but to AmO,_, of undefined composi-
tion. Stoichiometric melting of AmO, is unlikely to occur at
atmospheric pressure, as follows from the phase diagram.**’
Upon heating the oxide start to lose oxygen and transforms into
AmO,_,, which has a wide range of composition.

5.12.2. Heat capacity and entropy

No experimental study of the low-temperature heat capacity
of AmO, has been reported. The estimate by Westrum Jr. and
Gronvold**® for the standard entropy, $°(298.15 K) = 83.7

JK! molfl, is somewhat too high, as has been demonstrated
by Konings,*****” who analysed the systematics in the entro-
pies of actinide(IV) compounds, deriving S°(298.15 K) =75.5
J K "mol™!, from a lattice contribution (63.01J K™! molfl)
and an excess contribution (12.5J K™! molfl) from the 6H5/2
electronic state of the Am*" ion. This value is adopted here
with an estimated uncertainty

S°(298.15K) = (75.543.0) JK ' mol .

This value is also consistent with preliminary calculations of
the vaporization data for americium oxides dissolved in plu-
tonium oxides.**®

The enthalpy increment of AmO, has been measured by
Nishi er al.*** on a sample of about 50 mg encapsulated in a
platinum container. As a result, the scatter in the data is
relatively large, and the values at the lowest temperatures are
somewhat uncertain. Consequently the fit of the data by Nishi
et al.**" yields too low values near room temperature (Fig. 22).
For that reason we have refitted the enthalpy increment data
constrained to C;(298.15 K) = 64.3 J K™ ' mol ', as derived
from the trend in the AnO, series by Konings.”* We thus
obtain

Cy/ JK "mol™! = 78.9718 + 3.8365 x 107*(T/K)
— 1.40591 x 10°(T/K) 2.

Above about 1200 K, this equation has been fitted to the heat
capacity estimated by Thiriet and Konings**” taking ThO, as
lattice and calculating the excess from the free ion energy
levels.

5.12.3. Enthalpy of formation

The enthalpy of formation of ***AmO, has been measured
by Morss and Fuger**' who determined the enthalpy of solu-
tion of a well-characterized sample in a {H,SO4+KI} solution
using a micro-calorimeter. The thermochemical cycle used in
that work, was based on the dissolution of AmCl; in the same
medium. Their resulting value, which remains unchanged after

recalculation, has been selected here as

AH®(298.15 K) = —(932.2 +3.0) ki mol .
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FiG. 22. The reduced enthalpy increment (in J K! mol’l) of AmO, ([]) and
AmO; 5 (o) by Nishi et al.*°; the solid curve shows the recommended
equations, the dashed curves the estimates based on comparison with other
lanthanide and actinide dioxides and sesquioxides.
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Eyring et al.®® measured the enthalpy of solution of

241AmO, in a {HNO;+HBF,} solution and derived for the
enthalpy of formation AH°(298.15 K) = —(1003.7 kJ mol !,
substantially more negative. The thermochemical cycle used
in that study is based on (estimated) extrapolation of the result
to infinite dilution, which introduces large uncertainties.

5.13. Am,03(cr,l)
5.13.1. Polymorphism and melting point

The stable crystal structure of americium sesquioxide at
room temperature is not fully established. The early studies
report a bee C-type rare-earth structure (space group Ia3) at
room temperatures. However, since Pu,O3 has a A-type
hexagonal and Cm,0O3 a B-type monoclinic structure, this
is not likely. Considering the ionic radius of Am>" the B-
type structure is more probable (see also Sec. 7.2.2). This
would be consistent with the transformation to the rare-earth
type-A La,Os structure at a temperature between 1073 and
1173 K as observed by Wallmann.*** However, most experi-
mental studies on Am,03 have been made on the hexagonal
form.

The melting point of Am,0O5 was found as (2478 + 15) K by
Chikalla et al.,*>*** which is Tj,,, = (2481 £ 15) K on ITS-90.

5.13.2. Heat capacity and entropy

The low-temperature heat capacity of Am,0O3 has not been
measured but several estimates have been made. Westrum Jr.
and Grenvold**® estimated the value $°(298.15 K) = 158.2
JK " mol ! (specified as cubic), by describing the entropy as
the sum of the lattice entropy and an excess contribution. A
similar approach, but using a more sound basis of spec-
troscopic and calorimetric information, was used by
Konings.'?”***> The value was composed only of a lattice part,
obtained by extrapolating the trend in the lanthanide sesqui-
oxides to the actinide sesquioxides. The excess part for the
Am*" ion is zero as the "F, ground state degeneracy is 1, and
the first excited state 7F1 does not contribute at room tem-
perature. This value is accepted here

$°(298.15 K) = (1342 +5.0) JK ' mol ™.

The high-temperature enthalpy increment of hexagonal (A-
type) Am,O5 has been measured by Nishi e al.** on a sample
of about 50 mg encapsulated in a platinum container. As a
result, the scatter in the data is relatively large, and the values at
the lowest temperatures are somewhat uncertain (Fig. 22).
Consequently the fit of the data by Nishi ef al.**° yields too low
values near room temperature (e.g., C;(298.15 K) = 88.0
J K 'mol™) considering the results for the Ln,O3 com-
pounds, for which the lattice heat capacity at 298.15 K is
between 110 and 100 J K~ ' mol™!, and the value for Pu,0;5
(116.98 J K ' mol™"). For that reason we have refitted the
enthalpy increment data above 700 K, constrained to C, =

11657 K! mol_l, as derived from comparison with the
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Ln,O5 series and the value for Pu,O3;. We thus obtain

Cy/JK ™" mol ™" = 126.0084 + 8.0097 x 107(T/K)
—1.05752 x 10°(T/K) 2.

The equation has been fitted at high temperature to the heat
capacity estimated on the basis of comparison to Pu,O3 and the
lanthanide sesquioxides (Fig. 22).

The transition to the H-type structure is assumed to take
place at T, = (2350 £ 50) K, and we estimate for the
enthalpies of transition and fusion:

A,sH°(A — H) = (33 £ 10) kimol ',
Ay H°(H — X) = (10 £ 5) kImol
ApsH® = (74 £ 10) kI mol .

For the heat capacity of the high temperature modifications we
assume the same values as for Eu,05:

0 _ N YT _ 1 1
C,(H,T) = 141 JK™ " mol ", C/(lig, T) = 156 JK™ " mol .

5.13.3. Enthalpy of formation

Morss and Sonnenberger**® have derived the enthalpy of
formation of hexagonal Am,0; from enthalpy-of-solution
measurements in 6 mol dm > hydrochloric acid using a
microcalorimeter. This value remains unchanged after recal-
culation. The thermochemical cycle used in that work, was
based on the dissolution of Am(cr) in the same medium, based
on the work of Fuger er al.**’

AFH®(298.15 K) = —(1690.4 + 7.9) kI mol .

5.14. Cm,03(cr)
5.14.1. Polymorphism and melting point

At room temperature stoichiometric curium sequioxide has
a monoclinic B-type crystal structure. Upon heating, three
high-temperature transformations have been identified.”**"
At (1888 £ 15) K the monoclinic form transforms into the A-
type hexagonal structure, as was observed by high-tempera-
ture X-ray diffraction.**® Above 2000 K transitions at (2273 +
20) K and at (2383 4 20) K have been observed, which are
most likely transformations to the H and X structures that are
known for the lanthanide sesquioxides.

There are several reports of the melting point of Cm,0O3, as
summarized in Table 63. The values are in good agreement,

TABLE 63. The melting point of Cm,0O3(cr)

Tps/K

Authors Reported ITS-90
McHenry*** 2223

Smith** 2538 + 20 2545 4 20
Gibby er al.”** 2548 + 25 2551 + 25

2538 2541

Baybarz*¥ 2533 + 20 2532 4 20
Selected value 2542 £ 25

Also reported by Chikalla ez al.**?
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except for the results of McHenry,434 who used CmO, as
starting material and assumed that it was converted to the
sesquioxide during the measurements. For all values a small
correction to the ITS-90 temperature scale is needed. Smith**”
used the melting points of Al,03 and Tm,Oj as reference. For
the former, a value about 7 K lower than the currently accepted
value was obtained. For Tm,0O3; no recommended value is
available. We correct the value by Smith therefore with +7 K.
Regarding the results of Gibby er al.,’* Chikalla er al.*>* we
think it is likely that they refer to IPTS-48. The selected value
for the melting point is Ty, = (2542 £+ 25) K.

5.14.2. Heat capacity and entropy

The low-temperature heat capacity of Cm,0O5 has not been
measured but several estimates have been made. Westrum Jr.
and Grenvold**® have estimated the value S°(298.15K)=160.7
J K "mol " (specified as cubic), by describing the entropy as
the sum of the lattice entropy and an excess contribution.
A similar approach, but using a more sound basis of spectro-
scopic and calorimetric information, was used by Kon-
ings'?’** who obtained (167.0 + 5.0) J K~ 'mol ™" for the
monoclinic modification. The value was composed of a lattice
part (133.5J K" mol™"), obtained by extrapolating the trend in
the lanthanide sequioxides to the actinide sesquioxides, and an
excess part (34.58 J K~ ' mol™ "), calculated from the ground
state degeneracy of the Cm>" ion. This value is accepted here

S°(298.15K) = (168.1 +5.0) JK~' mol .

Estimated values for the high-temperature heat capacity of
monoclinic Cm,O; have been presented by Gibby et al.,”* who
used them to convert the thermal diffusivity measurements to
thermal conductivity data, which agree reasonably with direct
measurements (see below). As discussed by Konings*?’
Gibby’s values are rather high compared to the experimental
values for the lanthanide sesquioxides and Pu,Os. He esti-
mated the following equation:

Co(T)/JK " mol ™" = 123.532 + 14.550 x 107*(T/K)
— 1.3489 x 10°(T/K) >

Data on the heat capacity of the H, X, and liquid (L) phases
and enthalpies of transition for C - H, H — X, and X — L are
not available. Although rather speculative we have estimated
the properties of the high temperature phases in a similar manner
as for the lanthanide sesquioxides, and derive for Cm,0O5:

A H°(B — A) = (6 + 3) kJmol !,
A,H°(A — H) = (32 4+ 6) kimol ',
AH°(H — X) = (10 4+ 5) kJmol ',

A H® = (66 £ 10) kJmol .
For the heat capacity of the high temperature H modification and
liquid Cm,O3 we estimate

Cy(A,T) = 142JK "mol ',
o __ (o _ -1 -1
C;(H,T) = C;(X,T) = 130 JK~ " mol ',
o(1: o -1 —1
C,(lig, T) = 140 JK™ " mol".

5.14.3. Enthalpy of formation

The enthalpy of solution of curium sesquioxide in 6
mol dm > HCl(aq) has been measured by Morss e al.*>' by
solution calorimetry using milligram samples of the mono-
clinic form. Combining this result with the enthalpy of solution
of Cm metal in this solvent, estimated from the value for the
dissolution in 1.0 mol dm HCl(aq), the enthalpy of forma-
tion is calculated as

A/H°(298.15K) = —(1684 + 14) kImol .

5.15. BkOy(cr) and Bk,O3(cr)
5.15.1. Polymorphism and melting point

BkO, has a fcc fluorite structure (space group Fm3m). The
stable crystallographic modification of Bk,O5 is the bcc C-
type rare-earth structure (space group Ia3).*>> Baybarz*
studied the high temperature polymorphism and found that
C-Bk,Oj5 irreversibly transforms to a monoclinic B structure at
(1473 £ 50) K. The monoclinic-to-hexagonal transition was
observed at about 2022 K and the melting point at (2193 +
25) K. Correction to ITS-90 would involve a correction of —1
K if the measurements would refer to ITPS-68 and +2 K in case
of ITPS-48. Since this is not clear from the paper, we choose to
retain the original value.

5.15.2. Heat capacity and entropy

No experimental data exist on the heat capacity and entropy
of the berkelium oxides. Konings er al.**® gave the following
estimates for the standard entropy based on the trends in the
actinide and lanthanide series:

S°(BkO, cr, 298.15K) = (83 £ 5) JK ' mol !,

S°(Bk,03, cr, 298.15K) = (173.8 +5) JK ' mol .

5.15.3. Enthalpy of formation

The enthalpies of formation of BkO, and Bk,Os(cr) have
not been determined. Konings et al.’*® gave the following
estimated values:

AFH®(BKO,, cr, 298.15 K) = — (1023 +9) kI mol ",
AfH®(Bk, 03, cr, 298.15 K) = — (1694 + 20) kI mol !

based on the correlation between the difference in the enthalpy
of formations of the oxides and the aqueous ions with molar
volume for the AnO, compounds.

5.16. CfO,(cr) and Cf,05(cr)
5.16.1. Polymorphism and melting point

CfO, has a fcc fluorite structure (space group Fm3m). The
stable crystallographic modification of Bk,Oj3 is the bcc

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014



013101-64

C-type rare-earth structure (space group Ia3). It transforms to
cubic or hexagonal forms due to self-irradiation.*>® The cubic
(cr) to monoclinic (B) transformation has been observed at
about 1673 K.*** The melting point of Cf,05 was determined
to be (2023 + 25) K by Baybarz** in vacuum and in helium.
Correction to ITS-90 would involve a correction of —1 K it the
measurements would refer to ITPS-68 and +2 K in case of
ITPS-48. Since this is not clear from the paper, we choose to
retain the original value.

5.16.2. Heat capacity and entropy

No experimental data exist on the heat capacity and entropy
of the berkelium oxides. Konings er al.’°® gave the following
estimated values for the standard entropy based on the trends in
the actinide and lanthanide series:

S°(CfO,, cr, 298.15K) = (87 +5) JK "mol !,
S°(Cf,0s3, cr, 298.15K) = (173.8 = 5) JK ' mol .

5.16.3. Enthalpy of formation

The enthalpy of formation of CfO, has not been determined.
Konings er al.>*® gave the following estimated value:

AfH(CfO,, cr, 298.15 K) = —(857 + 14) kI mol ™

based on the correlation between the difference in the enthalpy
of formation of the oxides and the aqueous ions with molar
volume for the AnO, compounds. The enthalpy of formation
of cubic Cf,03(cr) has been determined by Morss et al.¥*
using solution microcalorimetry on milligram samples in 6.0
mol dm > HCl(aq), to give

A/H®(CF,0s, cr, 298.15 K) = —(1652.6 + 10.3) kJ mol !

using a thermochemical cycle based on the solution of Cf(cr)
for which the enthalpy was estimated from the experimental
value in 1.0 mol dm > HCl(aq) by Fuger et al.*>

6. The Gaseous Actinide Oxides

6.1. AcO(g)
6.1.1. Heat capacity and entropy

The thermal functions of AcO(g) in the standard state have
been calculated using the data given in Table 64. Because no
spectral data on the AcO molecule exists, the molecular
constants were obtained from B3LYP calculations by
Kovécs*® and estimations using the trends revealed in the
spectral data of the lanthanide and actinide monoxides. The
electronic structure is assumed to be analogous to that of LaO.
The energies of the low-lying states taken from the LaO data
are approximated to hundreds cm™'. The derived standard
entropy at room temperature is

S°(298.15 K) = (245.545 4+ 5.0) JK ' mol ™!
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TaBLE 64. Molecular constants of AcO(g)

T. o, ox, B, 10’ D10’

e
—1

No. State cm pm  p;
0° Xz 0 764 23 034 15 263 194 2
1° A'2Asn 7500 2
2b A'2As, 8200 2
3b Al 13 100 4
4° B> 17900 2
5° CI 22700 4
6° D’s 27000 2
7° F’~ 28000 4
8° 17 200 8
9° 18 500 8
10° 21 200 8
11° 24 000 20
12° 25900 8
13° 30 200 12
14° 35 000 30
15° 40 000 36

“Computed state.
Estimated state

and the coefficients of the equations for the heat capacity are

o —1 -1\ __ -3
C;/(TK "mol ') = 26.7681 + 26.00447 x 1073(T/K)
— 2423966 x 107°(T/K)*
+8.10964 x 10~°(T/K)?
—0.83961 x 10°(T/K) 2

for the 298.15-1100 K range, and

C;/(JK™"mol™") = 47.1310 — 13.09869 x 107*(T/K)
+6.02184 x 107°(T/K)* — 0.628330
x 107°(T/K)* — 2.91011
x 10%(T/K) 2

for the 1100-4000 K range.

6.1.2. Enthalpy of formation

No experimental data exists for the derivation of the
enthalpy of formation of AcO(g). We have estimated the
dissociation energy as Do = (860 = 20) kJ mol . This value
corresponds to:

A/H°(AcO, g, 298.15 K) = —(193 +20) kimol .

6.2. ThO4(g)
6.2.1. Heat capacity and entropy

The thermodynamic functions of ThO,(g) in the standard
state have been calculated using the data given in Table 65.
There are no experimental data for the structure of free gaseous
ThO, molecules, and the ThO, structure is determined only
from infrared spectra in the solid matrices. In an early work
Kaufman et al.**” found that a ThO, molecular beam exhibits
some deflection in an inhomogeneous electric field, indicating
the possibility of a bent structure for this molecule. The first
quantitative information on the bent structure of ThO, was
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TaBLE 65. The molecular parameters for ThO,(g)

Parameter Value
Ground electronic state 'A,
Symmetry group Gy,
Symmetry number, ¢ 2
Ldglc (g8 cm®)? 1110 x 10717
Vibrational frequencies (cm") 808, 160, 757

Electronic states (cm ™ ')° 0(1), 17909(2), 18933(2),

22220(2), 23569(2), 24637(2)

*Product of moments of inertia.
°Numbers in parentheses represent the statistical weights.

obtained from infrared spectroscopy. Gabelnick et al.,*'* Zhou
and Andrews,*® and Andrews er al.**° have studied the
infrared spectra of ThO, isotopomers in argon and neon
matrices. On the basis of '®0 isotope shifts a nonlinear
structure has been derived for ThO, with the bond angle
(122.5 £ 2)°. Quantum-chemical calculations at DFT (Density
Functional Theory),458460 Dirac-Hartree-Fock,46] and SO-
CASPT?2 level**? resulted in a bent structure for ThO, as well.
The quantum chemical calculations resulted in Th-O bond
lengths between 188.1-192.3 pm. The probably most accurate
bond distance was suggested on the basis of the frequency—
bond distance relationship derived by Kovécs and Konings*®’
utilizing the experimental matrix-IR data. The product of the
principal moments of inertia of ThO, (see Table 65) was
calculated using the values r.(Th-O) = (191 £ 5) pm and
O-Th-O = (122.5 £ 2)°. The r,(Th-0) value is an average of
three bond distances (190.6, 191.1, and 189.2 pm) obtained in
the mentioned theoretical calculations.

The accepted vibrational frequencies v; and v; (see
Table 65) were taken from IR spectra obtained by Gabelnick
et al.,212 Zhou and Andrews,45 8 and Andrews et al.*° for the
neon matrix. ThO, bands detected in the Ne matrix are blue-
shifted 22 cm ™' from the solid argon data. In comparison with
Ar, the Ne matrix is less polarizable, and matrix shifts in this
case are substantially less. The deformation frequency v, was
estimated from calculations by Zhou and Andrews,*®
Dyall,*®" Andrews et al.**” and Kovacs and Konings.**’

No experimental investigations of the electronic spectra of
ThO, were reported. Quantum chemical calculations on the
molecule agree in the X'A; ground state.***% This state
corresponds to the closed shell configuration and no low-lying
electronic states may be expected for this molecule. The high
electronic energy levels of ThO, given in Table 65 are
estimated to be the same as for isoelectronic UO3" from
ab initio calculations by Pierloot er al.***

The derived standard entropy at room temperature is

S°(298.15 K) = (285.233 +2.0) JK ' mol .
and the coefficients of the equations for the heat capacity are

Cy/(JK ™" mol™") = 36.83878 + 55.95391 x 10(T/K)
—56.33462 x 107%(T/K)? 4 20.31019
x 107(T/K)* — 1.940496
x 10°(T/K) 2

for the 298.15-900 K range, and

Cy/(JK "mol™") = 56.72155 +2.163537 x 10(T/K)
—1.189606 x 10~°(T/K)?
+0.2274986 x 10~°(T/K)?
—1.407937 x 10°(T/K)~*

for the 9004000 K range.

6.2.2. Enthalpy of formation

The value of ThO,(g) enthalpy of formation is based on
Langmuir and Knudsen effusion measurements of ThO,(cr)
enthalpy of sublimation and mass spectrometric measure-
ments of equilibrium constants for isomolecular oxygen
exchange reactions (see Table 66). In the early Langmuir
and Knudsen effusion measurements, the weight loss of
thoria samples was used for calculation of the vapor pressure
under assumption of ThO,(g) as the only thorium-bearing
vapor species.*®>*” Knudsen effusion studies were carried
out using substantially inert tungsten effusion cells. The
only exception is the work by Hoch and Johnston*®® in
which a tantalum cell was used. Ackermann er al.**® have
performed a combined study of the thorium-oxygen system
evaporation behavior in the temperature range 2000-
3000 K. It was found that solid thorium dioxide evaporates
congruently. Above 2800 K, a thermodynamically insignif-
icant substoichiometry ThO, 99 was found. A combination
of mass effusion and mass-spectrometric examination of the
vapor composition has led to the conclusion that ThO and
ThO, gaseous species are of comparable importance in the
thoria vapor. More detailed study of thermodynamics of
thoria vaporization has been carried out by Ackermann and

TaBLE 66. The enthalpy of sublimation of ThO,(g), in kJ mol '

Authors Method* T/K AypH(298.15 K)
Shapiro*®® L 2062-2257 791.3 4+ 15.0
Hoch and K 2389-2676 (730.6)
Johnston*®®

Darnell and K 2268-2593 788.7 + 12.0
McCollum*®’

Ackermann K+M 2180-2871 787.9 £ 10.0
et al.*%®

Shchukarev and K+M 2600-3000 802.9 £+ 15.0
Semenov*’?

Semenov*’?" K+M 22002700 779.0 + 12.0
Ackermann and K+M 2400-2800 797.1 £ 10.0
R auh469c

Hildenbrand and 2160-2176 782.1 £ 15.0
Murad*”%

Ackermann and 2320-2650 797.1 £ 15.0
Rauh7'e

Selected value: 790.8 £ 12.0

“K = Knudsen effusion; M = mass spectrometry; L = Langmuir effusion.
Extended and reassessed data of Shchukarev and Semenov.*’>
“Recalculated from the Ackermann er al.*®® total pressure of Th-bearing
species.

dCalculated from the enthalpy of the gaseous reaction Th + ThO, = 2ThO.
“Calculated from the enthalpy of the gaseous reaction ZrO, + ThO = ThO,
+ ZrO.
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Rauh.*®® The congruently vaporizing composition of thoria
was found ThO; go4, instead of previous value ThOj gog.
Using the reassessed results of their previous investiga-
tion,468 Ackermann and Rauh*®® have found equations for
the temperature dependence of the ThO(g) and ThO,(g)
partial pressures over stoichiometric thoria. As follows from
these equations, p(ThO)/p(ThO,) value linearly rises from
0.20 to 0.36 in the temperature range 2000-2800 K.

The enthalpy of sublimation values presented in Table 66
were obtained using partial pressures of ThO,(g) species
calculated from the total vapor pressure over slightly sub-
stoichiometric thoria. All values of the enthalpy of sub-
limation are in good agreement. The only exception is the
work by Hoch and Johnston.*®® Much higher values of
weight loss found in this work are obviously connected
with use of tantalum effusion cells for vaporization of
thoria, leading to intensive formation of ThO(g). The
enthalpy of sublimation values calculated from the results
of mass-spectrometric measurements of gaseous equili-
bria*’®*"! are in agreement with Knudsen effusion and
Langmuir measurements.

TaBLE 67. Molecular constants of 232ThmO(g)

KONINGS ET AL.

The selected value is taken as a rounded weighted average
from all works except Hoch and J ohnston*®: AgpH°(298.15 K)
= (790.8 £ 12.0) kJ mol~'. This value corresponds to:

AH®(ThO,, g, 298.15) = —(435.6 + 12.6) kImol .

The corresponding energy of atomizationis Dy(ThO,) = (1531.3
+ 13.5) kJ mol ",

6.3. ThO(g)
6.3.1. Heat capacity and entropy

The thermal functions of ThO(g) in the standard state have
been calculated using the molecular constants presented in
Table 67.

The spectroscopic properties of ThO were studied since the
beginning of the last century. The data published up to 1975
were reviewed by Huber and Herzberg'” and up to 1980 by
Gurvich er al.'® Later Edvinsson and Lagerqvist’’**7°,
Edvinsson and Jonsson,*® published a number of papers

concerning the ThO emission spectrum. The accurate Th-O

T, o, WX, B, 2,10° D,107 .

No. State cm™! Pfﬁ Di
0* X'zf 0 895.77 2.39 0.33246 1.3 1.83° 184.018613(24) 1
IS (13 5335.9 2
28 12 6146.6 2
3¢ 9315 4
4* [10.610 10626 2¢
54 [11.171 11156 2
6" [14.511 14525 4¢
7 [15.9]1 15975 3¢
8! [16.310 16354 1
9? [18.1]2 18053 2
10° [18.410 18406 1
11° [19.110 19068 1
12° [19.5]11 19586 2
13° [20.1]3 20112 7°
14 [21.711 21756 6°
15° [22.6]1 22685 8°
16 [23.110 23155 1
17° [23.2]0 23199 2
18° [24.013 24084 4¢
19° [24.9]1 24886 6°
20° [25.171 25184 3¢
21° [25.8]1 25850 8°
228 [27.711 27756 6°
230 [28.010 28071 2¢
242 [28.3]2 28360 2
25¢ [28.6]1 28614 2
26° [30.3]1 30346 14
27° [32.712 32770 10°
284 35000 14
29¢ 40000 20
“Experimental state.

b

D().

“Added statistical weights of near-lying predicted states.
IEstimated state.
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TaBLE 68. The enthalpy of formation of ThO(g), in kJ mol '

Authors Method* T/K Reaction AH°(298.15 K) AH°(298.15 K)
Ackermann et al.**® K+M 2337-2381 ThO,(cr) = ThO(g) + O(g) 1434.4 —412
Shchukarev and Semenov*’? M 2573-2973 ThO,(cr) = ThO(g) + O(g) 1393.2 —82.3
Ackermann and Rauh*® M 2400-2800 ThO,(cr) = ThO(g) + O(g) 1447.6 —28.0

K 2080-2214 ITh(er)+ IThOs(cr) = ThO(g) 599.8 —13.4

M 1930-2280 ThO(g) 4+ Y(g) = Th(g) + YO(g) —169.5 —29.1
Hildenbrand and Murad*”° M 1782-1927 1Th(er)+ 1ThOx(cr) = ThO(g) 593.1 —20.1

M 2064-2176 ThO(g) + Si(g) = Th(g) + SiO(g) 713 —24.1
Ackermann and Rauh*®’ M 22002550 ThO(g) + Hf(g) = Th(g) + HfO(g) 735 -21.4
Neubert and Zmbov**® M 1759-1961 ThO(g) + La(g) = Th(g) + LaO(g) 62.8 —11.7
Murad and Hildenbrand*"’ M 2288 ThO(g) + Zr(g) = Th(g) + ZrO(g) 110.9 —24.4
Selected value: Dy(ThO) = 868.6 + 5.0 —21.5+5.0

K = Knudsen effusion; M = mass spectrometry.

bond distance in the ground-state molecule is known from a
recent microwave spectroscopic study.*®*' The harmonic
vibrational frequency and other rotational and vibrational
constants given in Table 67 were obtained from rotation-
ally-resolved electronic emission spectra.*’* The IR measure-
ments of ThO isolated in low-temperature inert gas
matrices” > 7849482483 revealed the matrix-shift effects on
the fundamental frequency.

At present, 27 states (see Table 67) classified as belonging
to Hund’s coupling case “c” are rotationally analyzed, and
25 of them are arranged in the term scheme by Edvinsson
et al.*"**7%%% The analyses by Behere er al.**>*® are not
convincing. The ground state of the ThO molecule is X0
X 12{; ), as confirmed experimentally by the studies of the
electronic spectrum of ThO'7*!80474-480 444 also in the
numerous theoretical calculations by Paulovic et al. ,487’488
Watanabe and Matsuoka,“g’491 Kichle et al.,492 Kaledin
et al.,>>® Marian et al.,**> Seijo et al.,*** Andrews et al.,*°
Goncharov and Heaven,484 Buchachenko,495 and Infante
et al.**

Kaledin er al.**® carried out the Ligand field calculations
and assigned all 17 states observed till that time to the
electron configurations 7s2, 6d7s, 7s7p, and 5f7s, and cal-
culated unobserved states of these and 64° configurations.
The calculations showed that the lowest unobserved states
are O = 3 (probably W-state) and QQ = 2 (probably lower
state of the band at 5579 A) of the 6d7s configuration. In the
present work the statistical weights of predicted but unob-
served states are attributed to the near-lying experimental
states for simplification of the input data. The 5f6d, 6d7p,
and 5f7p states are taken into account in the interval 25000 -
45000 cm ™.

The derived standard entropy at room temperature is

$°(298.15 K) = (240.071 +0.03) JK~ ' mol ',

and the coefficients of the equations for the heat capacity are

o —1 -1\ __ -3
C/(TK " mol ") = 30.10768 + 13.9388 x 107*(T/K)
—11.5407 x 10~%(T/K)?
+4.92964 x 107°(T/K)?
—1.86435 x 10°(T/K)?

for the 298.15-1500 K range, and

Cp/(JK™"mol™") = —13.55069 + 44.5401 x 107*(T/K)
—8.99062 x 107°(T/K)* + 0.583589
x 107°(T/K)? + 1.48587
x 107(T/K)*

for the 15004000 K range.

6.3.2. Enthalpy of formation

The results of the determination of the enthalpy of formation
of ThO(g) are presented in Table 68. The value is based on
Knudsen effusion and mass spectrometric studies of ThO,(cr)
and Th(cr) + ThO,(cr) system evaporaltion““Hm’472 and mass
spectrometric measurements of isomolecular oxygen
exchange reactions.*®”*7%4%%497 With the exception of the
results of Ackermann er al.**® and Shchukarev and Seme-
nov,*’? all values of the enthalpy of formation of ThO(g) are in
good agreement. The selected value is taken as a rounded
average from all sources except the two mentioned papers:

A/H®(ThO, g, 298.15K) = —(21.5 £ 5.0) kImol "

This value corresponds to Dy(ThO) = (868.6 + 5.0) kJ mol L.

6.4. PaO4(g)
6.4.1. Heat capacity and entropy

The thermodynamic functions of PaO,(g) in the standard
state have been calculated using the data given in Table 69.
Experimental data on molecular structure and spectra of PaO,
are not available. Recently, the molecular geometry, vibra-
tional properties and low-lying electronic states have been
computed by Infante er al.,*** and Kovéacs and Konings,*®°
Kovécs et al.,**® and Kovacs.*>® The calculations agree on a
linear structure of D, symmetry in the ground electronic
state, similar to all AnO, molecules (except ThO, which is
bent). The moment of inertia has been evaluated using the SO-
CASPT?2 bond distance of 181.6 pm of the linear molecule
Infante e al.*** The vibrational frequencies were taken from
Ref. 460.
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TaBLE 69. The molecular parameters for PaO,(g)

Parameter Value
Ground electronic state ZEI/Zg
Symmetry group Deon
Symmetry number, ¢ 2

I (g cm?®)® 17.52 x 107

852, 82(2), 899
0(2), 3961(2), 8252(2),
8924(2), 11290(2), 14430(2),
15488(2), 27933(2), 28075(2),
28617(2), 29739(2), 29914(2)

Vibrational frequencies (cm™ 1P
Electronic states (cm™)°

“Moment of inertia.
"Numbers in parentheses represent degeneracy.
“Numbers in parentheses represent the statistical weights.

The electronic ground state of PaO, is 3, /2g.462 The vertical
excitation energies to the low-lying states were calculated
recently at the SO-CASPT2 level by Kovacs.**® The derived
standard entropy at room temperature is

$°(298.15K) = (279.711 £5.0) JK ' mol !

and the coefficients of the equations for the heat capacity are

o —1 -1\ __ -3
Cp/(JK " mol ") = 35.4855 + 69.7567 x 10~*(T/K)
—71.6190 x 10-%(T/K)*
+27.8213 x 10~°(T/K)*
—0.58791 x 10°(T/K) 2

for the 298.15-900 K range, and

Cy/(JK ' mol™") = 57.8335 + 4.88325 x 107*(T/K)
+6.76950 x 10~%(T/K)?
—1.07986 x 10 '°(T/K)’
—1.40951 x 10°(T/K) 2
for the 9004000 K range.

6.4.2. Enthalpy of formation

Kleinschmidt and Ward**” have measured partial pres-
sures of Pa(g), PaO(g), and PaO,(g) above the Pa(l) +
PaO,_(cr) two-phase system and the congruently vapor-
izing composition PaO,_, (x and y values were not spe-
cified). From the latter data Kleinschmidt and Ward
calculated the enthalpy of sublimation A,,,H°(PaO,, cr,
298.15 K) = (595 + 7) kJ mol™ ' as an average of the
second- and third-law values (thermodynamic functions of
all three gaseous species were estimated; however, mole-
cular constants and numerical values of functions were not
presented in the paper). The enthalpy of formation for
PaO,(g) was derived by Kleinschmidt and Ward assuming
the enthalpy of formation of solid substoichiometric pro-
tactinium dioxide equal to that for PaO,(cr). Following
this suggestion, we obtain for the enthalpy of formation
AH°(298.15 K) = —(514 £ 17) kJ mol ™",

To acquire some insight into reliability of the enthalpy of
formation of PaO,(g) obtained with indeterminate thermo-
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dynamic functions, we calculated the third-law enthalpy of
sublimation using the thermodynamic properties for a related
neighbor compound, uranium dioxide, adopted in this work:
A, H°(298.15 K) =619 kJ mol ™ ! The 24 kJ mol ' difference
between two enthalpy of sublimation values can serve as an
estimation of possible uncertainty in the enthalpy of formation
of PaO,(g) found by Kleinschmidt and Ward.*”® On the basis
of calculations performed, we select the value derived from the
paper by Kleinschmidt and Ward**” as a provisional recom-
mendation, with an extended uncertainty range

AH®(PaO,, g, 298.15) = —(514.0 =+ 30) kJ mol .

To the selected PaO,(g) enthalpy of formation corresponds
the atomization energy value Dy(PaO,) = (1576.0 £ 30)
kJ mol .

6.5. PaO(g)
6.5.1. Heat capacity and entropy

The thermal functions of PaO(g) in the standard state have
been calculated using the data given in Table 70. The mole-
cular constants were estimated using the trends revealed in the
spectral data of the lanthanide monoxides as there is no
spectral data on the PaO molecule. The electronic structure
is assumed to be analogous to that of PrO. The energies of the
low-lying states taken from the PrO data are approximated to
hundreds cm ™"

The derived standard entropy at room temperature is

S°(298.15K) = (250.778 £+ 10.0) JK~ " mol ™!
and the coefficients of the equations for the heat capacity are
Cy/(JK ' mol™") = 22.73634 + 18.0345 x 107*(T/K)
+28.8250 x 10°(T/K)* — 20.1289
x 107°(T/K)?
+2.78485 x 10°(T/K) 2

TaBLE 70. Molecular constants of 231PamO(g)

T, o, ox. B, al0® D10

Ye
—1

No. State cm pm Di
0 X%z 0 845 2.69 0335 1.5 2.1 1835 2
1 200 2
2 2000 8
3 3000 12
4 4000 8
5 5500 18
6 7000 8
7 10 000 85
8 15 000 150
9 20 000 180

10 25 000 185

11 30 000 190

12 35 000 195

13 40 000 215
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for the 298.15-1100 K range, and

Cp/(JK ™" mol ™) = 84.42095 — 29.0423 x 107*(T/K)
+8.96146 x 10-°(T/K)* — 0.876655
x 107(T/K)® — 1.36244
x 107(T/K)

for the 1100-4000 K range.

6.5.2. Enthalpy of formation

Kleinschmidt and Ward**® have measured the partial pres-
sures of Pa(g), PaO(g), and PaO,(g) above the Pa(l) +
PaO,_(cr) two-phase system and the congruently vaporizing
composition PaO,_, (x and y values were not specified). From
this data, the third-law enthalpy of formation of PaO,(g)
was found as explained above and the enthalpy of formation
of Pa(g). Thermodynamic functions of all three gaseous
species were estimated. However, neither molecular constants
nor numerical values of functions have been presented in the
paper.

The vapor pressure measurements in the two-phase region
Pa(l) + PaO,_,(cr) resulted in the value AH°(298.15 K) =
—(18 + 13) kJ mol ! for the reaction

Pa0,(g) + Pa(g) = 2PaO(g).

Combining of this enthalpy of reaction with the thermo-
chemical values for PaO,(g) and Pa(g), leads to the enthalpy
of formation of PaO(g):

A/H(PaO, g, 298.15 K) = (8 +30) kimol ™'

This value corresponds to Dy(PaO) = (789 =+ 30) kJ mol .
This is in good agreement with the value (801 = 59) kJ mol '
estimated by Marcalo and Gibson"” on the basis of gas phase
oxidation reactions involving the ionised species and known
ionisation energies.

6.6. UO3(g)
6.6.1. Heat capacity and entropy

The thermodynamic functions of UOs5(g) in the standard
state have been calculated using the data given in Table 71.
Experimental data for the structure of free gaseous UO;
molecule does not exist in the literature. From analysis of the
infrared spectra of matrix-isolated UO5 and its oxygen-18
isotopomers, Gabelnick er al>®' and Green et al>® have
determined a planar T-shaped (C,,) geometry for the UO;
molecule, with a O-U-O linear fragment. Three low-fre-
quency and two stretching modes observed in matrix-isolated
UOj are inconsistent with a pyramidal (Cs,) or planar (Dsy,)
geometry. The investigation of infrared spectra of UOj5 in solid
argon by Hunt and Andrews”*” is in agreement with the data of
Gabelnick er al.”®' and Green et al’® The results of ab
initio calculations by Pyykko et al.”** support the symmetry
assignment from experiments of Gabelnick er al.>®' and

Green et al.,’®* and Hunt and Andrews’"; it has been shown

that D3y, structure is a saddle point, 49 kJ mol ™! above the C,,
minimum. Pyykko et al.”®* obtained /O-U-O = 161°, instead
of the linear O—U-O fragment found by Gabelnick et al.”°" and
Green et al.”®* Similar results have been obtained later by
Privalov er al.>® using a similar theoretical (SCF) level.
Quantum chemical calculations at the more reliable B3LYP
DFT level were performed by Zhou et al.”*® for the geometry
and vibrational frequencies. They retain the main structural
features obtained by Pyykko et al.”** and by Privalov er al.,"
but with reduced difference between the shorter U-O (in the
O-U-O fragment) and the longer U-O' bonds. The product of
the principal moments of inertia of UO5 (see Table 71) is
calculated with the selected molecular constants r,(U-O)
= (181 £ 5) pm, r,(U-O") = (185.3 = 5) pm, and /O-U-O
= (158.8 £ 5)° from the DFT calculations by Zhou ez al.”>*®

Experimental data on vibrational frequencies were
obtained by IR spectroscopy in argon matrices,””' > and
in neon matrix.’*® With the exception of vy, all vibrational
modes were observed. The accepted vibrational frequencies
v, and v, (see Table 71) were taken from the IR spectra
obtained by Zhou er al.°°® in an neon matrix, ensuring
minimal matrix shift of the frequencies. The low frequencies
V3, vs, and vg were accepted from infrared spectra obtained
by Green et al.’®* The unobserved v; frequency is accepted
as an average of two values obtained in calculations of
Green et al.’** and Zhou er al.>*®

The experimental and theoretical investigations of electro-
nic spectra of UO5 are unknown. X'A; ground state is accepted
for UO; molecule from calculations of Zhou et al.>*° This state
corresponds to the closed shell configuration and no low-lying
electronic states may be expected for this molecule. Additional
electronic energy levels of UOj; given in Table 71 are accepted
to be the same as for the isoelectronic UO3" from ab initio
calculations by Pierloot er al.***

The derived standard entropy at room temperature is

$°(298.15K) = (310.648 +3) JK ' mol !

and the coefficients of the equations for the heat capacity are

Cp/(JK ™" mol™") = 46.69199 + 94.69427 x 10(T/K)
—94.91701 x 10~%(T/K)? + 34.1585
x 107°(T/K)* — 2.793843
x 10°(T/K) 2

TaBLE 71. The molecular parameters for UO5(g)

Parameter Value
Ground electronic state X'A,
Symmetry group Gy,
Symmetry number, ¢ 2
Lilgle (g7 cm®)* 4210 x 1077

860, 760, 186, 865, 212, 152
0(1), 17909(2), 18933(2),
22220(2), 23569(2), 24637(2)

Vibrational frequencies (cm™")
Electronic states (cm™")°

“Product of moments of inertia.
"Numbers in parentheses represent the statistical weights.
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for the 298.15-900 K range, and

Cp/(JK"mol™") = 81.70962 + 2.009478 x 10~(T/K)
—1.110505 x 10~%(T/K)?
+0.2162739 x 10~°(T/K)?
—2.580355 x 10°(T/K) 2

for the 9004000 K range.

6.6.2. Enthalpy of formation

For determination of the enthalpy of formation of UO3(g)
the results of transpiration and mass-spectrometric measure-
ments were used. Transpiration experiments with U3Og with
oxygen employed as a carrier gas were carried out by Ack-
ermann et al.,5 o7 Alexander,so8 Dharwadkar et al.,5 99 Krikor-
ian er al,>' and Alexander.’'’ In all works except of
Alexander,”"! pure oxygen at 1 atm was used as carrier gas;
in the latter work dry air at 1 atm total pressure was employed.
It was shown by Ackermann et al.’”’ that variation of the
oxygen pressure in the carrier gas established the oxygen-
uranium ratio equal to three for the volatile uranium oxide
molecule. By a comparison with entropies of sublimation
of molybdenum and tungsten trioxides it was inferred that
gaseous monomeric uranium trioxide is the principal species
produced by the reaction of U3Og with oxygen. To mention is
that, unlike (M00O3),, and (WO5),,, (UO3),, gaseous associates
till now are not detected in the U-O system.

Taking into account that the U3Og phase has a homogeneity
range, and that at high temperatures some deviation from
stoichiometry develops, the process of transpiration has to be
described according to the equation

1 (1+2)

§U303,Z(cr) + 6

0,(g) = UOs(g).

Detailed thermodynamic characterization of the U3Og_ . phase
was carried out by Ackermann and Chang.’'? The U;Oy_,
composition equilibrated at controlled temperature and oxy-
gen pressure values was experimentally studied in this work.
The equilibrium composition of the U3Og_, phase becomes
progressively substoichiometric with increasing temperature
at constant oxygen pressure. At the highest temperature of
experiments, 1445 K, and the oxygen pressure 1 atm, the initial
composition UO, ¢¢7 changes to UO; g36. In air, at an oxygen
pressure ~ (.2 atm, the composition changes to ~2.627. In spite
of these findings, we adopted a simplified approach in the
treatment of the transpiration data, without using information
on deviation from stoichiometry. This approach is justified by
a weak dependence of the free energy of formation of
U30g_.(cr) on the z value at constant temperature, as was
shown by Ackermann and Chang.’'? This feature becomes
apparent in absence of any systematic temperature drift of the
third-law enthalpy values calculated during our assessment of
experimental data for the reaction

1 1
§U308(CT) + goz(g) = U0;(g).
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TasLE 72. The enthalpy of formation of UO5(g), in kJ mol !

Authors Method* T/K AH°(298.15 K)
DeMaria et al.’"? M 2200-2322 —769.9 + 20
Ackermann et al.>®’ T 1200-1370 —799.5+ 6
Alexander””® T 1415-1760 —792.8 + 8
Pattoret et al.>'>® M 2080-2500 —805.2 + 15
Dharwadkar et al.>” T 1525-1675 ~7972+6
Younés et al.>*! M 1916-2336 —785.1 £ 15
Krikorian er al.>'® T 1173-1573 —789.3 + 10
Alexander”" T 1410-1815 —792.9 + 8
Selected value: —795.0 £ 10

“M = mass spectrometry; T = transpiration.

PResults of treatment of experimental data from Drowart er al.>'*

Results of all investigations are summarized in Table 72. All
transpiration experiments gave very close results, an average
of five works being -794.3 kJ mol '. Results of mass-spectro-
metric measurements>>'~'*~'3 are close to this value but show
more marked scatter. The most probable reason for that is the
use of different estimates for the ionization cross sections of
molecules and different estimates of fragmentation degree
under electron impact, the latter being especially important for
UO;5; molecules. We have derived the selected value for
UOs;(g) enthalpy of formation as a weighted average of all
results shown in Table 72 (except the results of DeMaria
et al.>"? with the largest deviation from the mean):

AH®(UOs, g, 298.15) = (—795.0 + 10) kJmol "

6.7. UO,(9)
6.7.1. Heat capacity and entropy

The thermodynamic functions of UO,(g) in the standard
state have been calculated using the data given in Table 73.

The investigations of infrared spectra of matrix-isolated
uranium oxide species by Gabelnick et al. ,50' Lueetal. ,5 16 and
Zhou et al.>*® strongly indicated a linear geometry of D,
symmetry for UO,. This is consistent with the absence in
spectra of peaks attributable to v; symmetric stretch for the
Ul(’Oz and U1802 isotopomers. Consistent with the experiment
results, theoretical calculations for UO, predict a linear sym-
metric ground state.***%*>171® There are no experimental
data on U-O bond distances in UO,(g). The principal moment
of inertia of UQ; is calculated using r,(U-O) = (178 &+ 5) pm.
This value is an average of five bond distances (177, 178.4,
179.5, 176.4, and 180 pm) obtained from ab initio and DFT
calculations;**'775%0 it is close to r(U-O) = 179 pm esti-
mated by Green et al.”** and the value derived on the basis of
the frequency-bond distance relationship by Kovécs and Kon-
ings*®° utilizing an estimated “gas-phase” value for the asym-
metric stretching fundamental (vide infra).

Experimental data for v, bending and v; asymmetric vibra-
tions were obtained by infared spectroscopy in noble gas
matrices. *"*°>>% Ap interesting feature of UO, is the large
red shift (about 130 cm™ ') in the asymmetric stretch found
when replacing a neon matrix by an argon matrix. This feature
has been explained and supported by computational and
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TaBLE 73. The molecular parameters for UO,(g)

Parameter Value
Ground electronic state KO
Symmetry group Deon
Symmetry number, ¢ 2

I (g cm?®)® 17.0 x 107%°

Vibrational frequencies (cm™ 1P
Electronic states (cm™')°

860, 120(2), 915

0(2), 360(2), 2231(2), 2588(2), 5047(2), 6148(2), 6501(2), 7081(1), 7152(2),

7431(2), 7867(2), 8268(2), 8746(2), 10089(1), 10914(2), 11221(2), 11436(1),
11510(2), 12310(1), 12564(2), 12700(1), 12958(2), 13458(2), 13919(2), 14104(2),
14654(2), 14995(2), 15196(1), 15408(2), 15455(2), 15502(2), 15860(1), 15945(1),
16625(2), 16786(2), 16949(2), 17058(2), 17127(1), 17340(2), 17516(2), 17606(1),

18355(1), 18596(2), 18913(2), 19105(2), 19317(2), 19491(2), 21300(16), 24700(22),

30100(39)

“Moment of inertia.
PNumbers in parentheses represent the degeneracies.
“Numbers in parentheses represent the statistical weights.

further experimental studies’*®>?'->?? that the more polariz-

able argon and krypton stabilize the low-lying 3Hg state
becoming the electronic ground state in these matrices. In
neon the >®,, state found in the gaseous phase remains the
electronic ground state.

The adopted value for v3 asymmetric vibrational mode of
U0, is taken from the investigation of the infrared spectra in
solid neon matrix™"® because neon is substantially less polar-
izable than argon and matrix shifts in this case are substantially
less. The value of infrared inactive v; mode is calculated by
normal coordinate analysis using the experimental data for v;
of UO,. These values are in excellent agreement with the
recent assessment by Kovacs and Konings,*®® who derived the
gas-phase v5 value by correction of 5 cm ™' for the matrix-shift
of neon and deriving the v; value from the frequency-bond
distance relationship.

The bending frequency v, =120 cm™ " was observed using
the resonantly enhanced multiphoton ionization (REMPI)
technique in the gas phase.’*® This bending frequency is
lower than the values predicted by calculations. Majumdar
et al.”"” reported v, frequency values in the range of 149—
222 cm™ ' using three different computational methods. DFT
calculation by Zhou er al.’*® yielded 138 cm ™. The gas phase
bending frequency is also lower than the AG,, =225.2cm ™
reported for UO, isolated in a solid Ar matrix by Green
et al.”® In spite of this discrepancy, the experimental value
v, =120 cm ™ ! derived for free UO, molecule by Han et al. 323
is selected in our work for calculations of the UO,(g)
thermodynamic functions.

Thermodynamic functions have been calculated with the
inclusion of data for a wide range of excited electronic states.
Experimental data on the UO, excited energy levels are
fragmentary.’>® Several theoretical studiesof UO, were car-
ried out at relativistic post-Hartree-Fock levels, reporting
electronic energy levels.”%*9-210-319324 From these diverse
studies we adopted the results by’ '® obtained using the Dirac-
Coulomb intermediate Hamiltonian multireference coupled
cluster approach (DC-IHFSCC). This method is superior to the
ones applied in the other papers by (i) using the coupled cluster
methods to account for electron correlation; (ii) including the

1

6d orbitals, that have so far been left out of the active space;
(iii) including spin-orbit coupling effects by utilizing the 4-
component Dirac-Coulomb Hamiltonian. From this study we
took the excited electronic states with the energy up to 19491
cm . The energy levels above 19491 cm ™' were united in
combined levels with summed up statistical weights (see
Table 73).
The derived standard entropy at room temperature is

$°(298.15 K) = (277.027 +3.0) JK " mol ™"

and the coefficients of the equations for the heat capacity are

Cp/(JK™"mol™") = 44.35744 4 37.63585 x 10*(T/K)
—23.15563 x 107°(T/K)* + 5.50268
x 107°(T/K)® — 0.7485093
x 10°(T/K) 2

for the 298.15-1500 K range, and

Cy/(JK ' mol™") = 59.57586 + 5.392403 x 107*(T/K)
+0.09463181 x 10~°(T/K)*
—0.1028723 x 10~°(T/K)?
—6.319451 x 10°(T/K)*

for the 15004000 K range.

6.7.2. Enthalpy of formation

The enthalpy of formation for UO,(g) is calculated from
the enthalpy of sublimation of UOs(cr). The results of the
determination of the enthalpy of sublimation of UO, are listed
in Table 74. Mass-spectrometric investigations (see e.g.,
Pattoret ef al.’'”) have shown that the vapor over congruently
vaporizing uranium dioxide of slightly substoichiometric
composition mainly consists of UO, molecules; UO and UO;
molecules are present in the vapor with the total pressure of
several % of UO,(g). To derive the selected value of the
enthalpy of sublimation, the UO(g) and UO3(g) pressures were
subtracted from the total pressure of uranium-bearing species.
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TaBLE 74. The enthalpy of sublimation of UO,(g), in kI mol

Authors Method?* T/K AypH?(298.15 K)
Ackermann et al.>*! K 16002200 6282 + 10
Ivanov er al.”** b 1930-2160 623.4 £+ 10
Voronov ef al.>* L 1723-2573 641.9 +10/-20
Ohse’® K 2278-2768 622.5 + 10
Gorban’ ef al.>** K 18502600 6189 + 12
Pattoret ef al.>"® K+M 1890-2420 6215+ 8
Tetenbaum and T 2080-2705 629.3 + 12
Hunt®®

Reedy and T 2615-3391 614.8 + 18
Chasanov>>¢

Ackermann and M 1540-2315 626.2 + 15
Tetenbaum>2°

Selected value: 6229 + 12

K = Knudsen effusion; L= Langmuir; M = mass spectrometry ; T =
transpiration.

®Vaporization from a cylindrical crucible; results of weight-loss measure-
ments are close to those of Knudsen effusion.

The values of p(UO) + p(UO5) were calculated using thermo-
dynamic data from Gurvich et al.lgo; they amounted from
=0.01 p(total) at 1600 K to =0.24 p(total) at 3400 K.

The selected enthalpy of sublimation of UO,(g) is obtained
from the data presented in Table 74 as a weighted average:
Ay, HO(UO,, cr, 298.15) = (622.9 + 12) kJ mol . The data of
Voronov et al.”** and of Ackermann and Tetenbaum’Z® were
not taken into account. In the former work, free evaporation of
a uranium dioxide rod heated by electric current might lead to
serious errors due to nonuniformity of the rod temperature and
to a non unity evaporation coefficient of the substance. The
result obtained by Ackermann and Tetenbaum™*° is formally
close to the selected value. However, independent sensitivity
calibration of the mass-spectrometric equipment was not
carried out. Instead, p(UO,) at the temperature 2050 K was
taken equal to an averaged value of all published data.

Combination of the enthalpy of sublimation with the
selected enthalpy of formation of UO,(cr) gives the selected
value:

A/H°(UO,, g, 298.15) = —(462.1 £ 12) kImol .

This value corresponds to an atomization energy Do(UO,, g) =
(1486.8 + 15) kJ mol .

In the above analysis the data of laser heating experiments
on uranium dioxide and other techniques (see, e.g., Ohse
et al.,527 Breitung and Reil,528 Pflieger et al.529) were not
discussed. We have preferred the data which allow unambig-
uous application of thermodynamics of ideal gases, and to
avoid difficulties in extracting the UO,(g) partial pressure
from the total pressure values at very high temperatures (up to
8000 K), complicated by the possibility of substantial devia-
tion of the vapor from the ideal gas behavior. Nevertheless,
extrapolation of our results into the region of extremely high
temperatures shows satisfactory agreement with experimental
data and results derived from the equation of state of uranium
dioxide summarized by Fink.”*
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6.8. UO(9)
6.8.1. Heat capacity and entropy

The thermal functions of UO(g) in the standard state have
been calculated using the data given in Table 75.

Electronic spectra of the uranium monoxide molecule were
studied by Kaledin e al.”*” in absorption and emission, by
Heaven et al.>*® at the laser excitation of jet cooled UO (U'°O
and U'80), by Kaledin er al.>*° Gurvich et al.>*° and Kaledin
et al.”*® (U'%0 and U'®0) in fluorescence, and by Kaledin and
Heaven™' by means of resonantly enhanced two photon
ionization with mass selected ion detection (UIGO and
U'80). The studies gave information about the ground XQ
=4 (v < 6) state, 8 low-lying and about 20 higher-lying excited
electronic states. The ground state AG|, value was found to be
882.351 cm ' In addition, the bond distance was determined
to be 183.83 pm by Kaledin er al.**®

Infrared spectra of matrix-isolated uranium oxide species
were investigated by Carstens et al.,>* Gabelnick et al.,>*"
Abramowitz and Acquista,5 “3 Hunt and Andrews,’ 93 and Zhou
et al.”®® The bands observed near 820 cm ™ in the Ar and Kr
matrices were assigned to the UO molecule. Gabelnick er al.>®"!
determined also the anharmonicity value. In the IR spectrum of
uranium oxides isolated in Ne matrix the band assigned to
UO was that at 882.4 cm™'°°® Most quantum chemical
calculations®>7-460906:344.395 g4ve harmonic vibrational fre-
quency values between 845-858 taking into account the
anharmonicity and matrix-shift effects in good agreement
with the Ar-matrix value. Compared to these values, however,
the frequency measured in the Ne matrix is too high.

TaBLE 75. Molecular constants of 238U“’O(g)

T, o, ox, B, 0l0° D10

e
—1

No. State cm pm Di
0° X(1)4 0 8885 3.1 03346 32 1.9° 1833 2
IS (2)4 294 2
2° 13 652 2
3¢ 12 958 2
4° (D5 1043 2
5° 1200 3
6° 1500 2
7 (3)4 1574 2
8 (3)3 1941 2
9° 2225 74
10° 2450 3
11° 4500 7€
12° 5200 9
13° 5700 15
14° 7500 38
15° 10 000 116
16° 12 500 238
17° 15 000 375
18° 20 000 615
19° 25 000 1060
20° 30 000 1125
21° 35 000 1215
22° 40 000 1610
230 45 000 1615

“Experimental state.
PEstimated state.
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The reason of these discrepancies is that the ground state
vibrational levels of gaseous UO are irregular. Kaledin and
Kulikov,”*® Kaledin er al.>*" found that three lowest Q = 4
states were mutually perturbed. Kaledin e al.*® performed
deperturbation of these levels to determine adiabatic mole-
cular constants. The deperturbed constant w, = 846.5 cm ™'
agreed well with the bands observed in IR spectra of matrix-
isolated uranium oxides (taking into account the well-known
red shift in matrices) and with theoretical predictions.

The information on the excited states is not sufficient for the
calculation of the thermal functions. To estimate the electronic
partition function we use the results of the Ligand field theory
calculations by Kaledin e al.>>® All but one low-lying states
were assigned to f°s and the Q = 4 state with energy 294 cm ™'
to fs* configurations. In the present work, the detailed experi-
mental or calculated data on low-lying electronic states up to
7500 cm ! are taken into account; the calculated data on the
Fs, £s?, &s*, fds, £d, &% £p* Fps, f*, fds*, and fdp
electronic states in the range 7500—45 000 cm ' are given in
Table 75 as united terms with the fixed energies and the
corresponding statistical weights.

The ground state molecular constants of UO selected for the
thermal functions calculations (see Table 75) are estimated
from the experimental value AG;, = 882.351 cm ! and the
adopted value of the dissociation energy; these constants
describe correctly the v = 0 and 1 levels. The simple pre-
sentation of the vibrational-rotational energy levels used in our
program does not permit to recalculate levels from the deper-
turbed values of constants. Use of the deperturbed constants
(w, = 846.5 cm 'and WX, = 2.3 cmfl) would lead to large
underestimation of the v = 1 level energy. Moreover the
vibrational constants assumed are close to the mean of those
for three lowest Q = 4 states (846, 935, and 843 cmfl), and
with  simplification used in our program that

Q%m = (pi/ pX)Qg?m our choice should give better results.
The derived standard entropy at room temperature is

S°(298.15 K) = (252.137 +1.0) JK~ ' mol ™!
and the coefficients of the equations for the heat capacity are
o -1 -1\ __ -3
C,/(JK™ mol™") =38.48092 + 33.0187 x 10~ (T/K)
—40.4519 x 107%(T/K)?

+ 14.7496 x 10~°(T/K)*
—5.15534 x 10°(T/K)

TaBLE 76. The enthalpy of formation of UO(g), in kI mol ™"

for the 298.15-1300 K range, and

o -1 -1\ -3
Cp/(JK "mol ") =50.04939 — 18.1106 x 10~*(T/K)
+12.3772 x 107%(T/K)*
—1.71438 x 107°(T/K)?
+2.50947 x 10°(T/K) 2

for the 13004000 K range.

6.8.2. Enthalpy of formation

The results of determination of the enthalpy of formation of
UO(g) are listed in Table 76. From many works published, the
most reliable mass spectrometric data including reference
species with well established thermodynamic properties were
chosen for the calculation of the enthalpy of formation. The
selected enthalpy of formation value

A/H°(UO, g, 298.15K) = (21.4 + 10) kJmol

was obtained as a weighted average of results in Table 76 with
reduced weights for the most divergent values from works of
Ackermann er al.”*® and Steiger and Cater.’*” To the selected
enthalpy of formation corresponds dissociation energy of UO
(g) molecule Dy(UO) = (758.9 + 10) kJ mol .

6.9. NpOx(g)
6.9.1. Heat capacity and entropy

The thermodynamic functions of NpO,(g) in the standard
state in the temperature range 298.15-4000 K have been
calculated using the data given in Table 77.

Experimental data on molecular structure and spectra of
NpO, are unknown. Neptunium dioxide was studied by rela-
tivistic DFT calculations by Liao er al.>*° A linear structure of
D, symmetry was found for the X42‘g ground state and the
first excited state 4Hg lies only 0.01 eV (=80 cm ™) above X42g
state. According to Liao er al.>*° this small difference leaves
the identity of the ground state in some doubt. The recent study
of Infante er al.**> at the SO-CASPT2 level clarified the
electronic ground state to be 4H3A5g. This state has a linear
structure too and an equilibrium bond distance of . (Np-O) =
176.1 pm, which was adopted for computing the principal
moment of inertia of NpO,.

Authors Method® T/K Reaction AH°(298.15 K) AH°(298.15 K)
Drowart ef al.’'* M 2130-2530 UO(g)+Si(g) = U(g) + SiO(g) —36.6 20.7

M 1700-2150 1U(D) + JUOs(er) = UO(g) 569.9 274
Coppens et al.>*® M 2238-2315 UO(g) + B(g) = U(g) + BO(g) —40.2 18.1
Ackermann et al.>*® M 15402150 U + 1U0,(g) = UO(g) 582.0 39.5
Steiger and Cater™*’ M 2148-2369 U(g) + YO(g) = UO(g) + Y(g) —51.0 12.4
Younés et al.”*! M 1930-2280 UO(g) + La(g) = U(g) 4 LaO(g) -32.8 14.8
Selected value: Dy(UO) =758.9 + 10 214+ 10

"M = mass spectrometry.
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TaBLE 77. The molecular parameters for NpO,(g)

KONINGS ET AL.

Parameter Value
Ground electronic state *Hy s,
Symmetry group D..p,
Symmetry number, ¢ 2

I (g cm?®)® 16.5x 10

Vibrational frequencies (cm™ 1P
Electronic states (cm™')°

939, 185(2), 880

0(2), 470(2), 783(2), 1126(2), 1284(2), 5875(2), 5902(2), 5992(2), 6084(2), 6461(2),

6676(2), 8760(2), 9050(2), 10386(2),10386(2), 10481(2), 10846(2), 10989(2), 11264(2),
11428(2), 12000(16), 14000(20), 16000(20), 18000(12), 20000(34), 22000(22), 24000(30),

26000(24)

“Moment of inertia.
"Numbers in parentheses represent the degeneracies.
“Numbers in parentheses represent the statistical weights.

Liao et al.”*° reported two vibrational frequencies for the
X4):g state, but in Table 77 we adopted the more reliable
frequencies evaluated by Kovacs and Konings*® for the
ground state. Liao er al.””® published also a few spin-free
relativistic excitation energies to low-lying electronic states of
NpOs,. In the view of the failed electronic ground state at their
SO-VWN-B-P level these data have a limited reliability.
Instead, we used the recent SO-CASPT?2 vertical excitation
energies of Kovacs®° for the evaluation of the thermodynamic
functions. We have supplemented the set of NpO, excited
electron energy levels using the experimental data on the Np**
energy levels in crystals. The information on the splitting of the
Np*" multiplets in the crystal fields of different symmetry is
available from optical spectroscopy (e.g. Lahalle er al.”"), and
inelastic neutron scattering experiments (e.g. Kern er al.>%;
Fournier et al.’>>®). We preferred to use the energy levels
derived from the low-temperature absorption spectra of
low-symmetry monoclinic NpF,(cr), interpreted and supple-
mented with the results of crystal-field calculations by Carnall
et al>> In the crystal field of monoclinic neptunium tetra-
fluoride with the C, site symmetry the Np*" multiplets split
into doublets, constituting a set of levels appropriate for
modeling NpO,(g) electron energy levels (see Table 77; the
energy levels above 11428 em ™! represent the results of
combining of several close-lying levels).

The derived standard entropy at room temperature is:

$°(298.15 K) = (269.892 +6.0) JK~' mol™!
and the coefficients of the equations for the heat capacity are
Cp/(JK™"mol™") =56.33269 + 40.03943 x 107*(T/K)
—54.9771 x 10%(T/K)?
+23.02883 x 107°(T/K)?
—0.732805 x 10°(T/K) 2

for the 298.15-1000 K range, and

Cy/(JK™"mol™") = 68.29804 — 9.034032 x 10(T/K)
+5.459315 x 107°(T/K)?
—0.6628476 x 107°(T/K)?
—3.700337 x 10°(T/K) 2

for the 1000-4000 K range.

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014

6.9.2. Enthalpy of formation

The evaporation behavior of neptunium dioxide has been
studied by Ackermann et al.**® and Gotcu-Freis er al.>>> by
mass-spectrometric measurements, showing that the gaseous
oxides NpO, and NpO are the only neptunium-bearing
species in the vapor, NpO, being the major constituent. In
both studies it was argued that NpO, becomes substoichio-
metric at the high temperatures in vacuum. The extent of
substoichiometry, unknown in the former and about O/Np =
1.94 at 2260 K in the latter grossly affects the partial pressure
of NpO(g) but has an insignificant influence on the partial
pressure of NpO,(g). This was also confirmed by Gotcu-Freis
1.,°% who studied the vaporisation of NpO, in a slight flow
of oxygen gas, showing no significant difference with the
measurement in vacuum. Bartscher and Sari’*® have shown
that the O/Np ratio may reach 1.97 at 1900 K. However, no
thermodynamic data for the substoichiometric compositions
are available in the temperature range of the vaporization
experiments and, hence, the condensed phase can only be
treated as stoichiometric.

Ackermann e al.**® also measured the weight loss of
neptunium dioxide from 1852 to 2474 K by Knudsen effu-
sion technique. They obtained the equation for the tempera-
ture dependence of the total vapor pressure log(P/atm) =
—(31100 =+ 300)/T + (8.39 = 0.13). Considering the
equilibrium to be

NpO,(cr) = NpO,(g)

we obtain from this equation the values Ay,,H°(NpO,, cr,
298.15) = (619.5 4+ 10) kJ mol ' by third-law and (623.2 +
12) kJ mol ™' by second-law analysis. The mean second-law
enthalpy for NpO, in six mass-spectrometric experiments
by Ackermann et al. (2100-2450 K), derived from the NpO5’
ion currents is Ay, ,H°(NpO,, cr, 298.15) = (622 + 5)
kJ mol~'. The second-law values derived from the measure-
ments in oxygen and vacuum by Gotcu-Freis er al.’” are
(650 &= 4) and (627 £ 7) kJ mol ™!, in fair agreement.

We select the mean value of the work of Ackermann
et al.,**® which is considered more precise, A, ,H°(NpO,, cr,
298.15) = (621 + 20) kJ mol ™ ! which yields, when combined
with the enthalpy of formation of NpOy(cr):

A/H°(NpO,, g, 298.15) = —(457 +20) kJmol "
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TaBLE 78. Molecular constants of 237Nme(g)

T, 0. ox, B, 010° D10’

e
—1

No. State cm pm Di
0 X0.5 0 840 292 0334 1.6 2.1 1835 2
1 200 2
2 700 4
3 1200 6
4 2600 18
5 4000 24
6 5300 16
7 6600 32
8 8100 20
9 10 000 40

10 15 000 100

11 20 000 200

12 25 000 600

13 30 000 900

14 35 000 1000

15 40 000 1200

6.10. NpO(9g)

6.10.1. Heat capacity and entropy

The thermal functions of NpO(g) in the standard state in the
temperature range 298.15-4000 K have been calculated using
the data given in Table 78. As there were no spectral data on the
NpO molecule at the time of writing of this review, the
molecular constants were estimated using the trends revealed
in the spectral data of the lanthanide monoxides. The electro-
nic structure of the NpO molecule is assumed to be analogous
to that of PmO. The energies of the ground state 4f'6s super-
configuration rounded to 2 significant digits were taken from
the Ligand field calculation by Dulick ez al.,**” the energies of
the other states were estimated as for PmO with small correc-
tion due to a little difference between relative positions the
atomic states of the 5f* core. These values fairly well agree
with the results of recent quantum chemical studies of Infante
et al.*** and Kovacs and Konings.*®°

The derived standard entropy at room temperature is

$°(298.15 K) = (253.060 +4.0) JK~' mol ™!
and the coefficients of the equations for the heat capacity are
o —1 -1\ __ -3
C,/(JK " mol ") =40.73102 + 5.06903 x 10°(T/K)
+5.58835 x 107°(T/K)*

—3.26062 x 107°(T/K)’
—3.95105 x 10°(T/K) 2

TasLE 79. The enthalpy of formation of NpO(g), in kJ mol '

for the 298.15-1400 K range, and

o -1 -1\ __ -3
Co/(JK " mol ") =53.06105 + 1.44612 x 1073(T/K)
—1.95684 x 107°(T/K)?
+0.362588 x 107°(T/K)’
—5.12159 x 10°(T/K)?

for the 1400-4000 K range.

6.10.2. Enthalpy of formation

In their study of the vaporisation of neptunium dioxide,
Ackermann er al.>” have revealed nonstoichiometric and not
single-mode NpO, evaporation, excluding the determination
of thermodynamic properties of NpO(g) directly from the
effusion measurements. The thermodynamic properties of the
NpO(g) molecule were determined by Ackermann and
Rauh®*® from mass-spectrometric measurements of equili-
brium constants for two oxygen-exchange reactions, NpO
(g) + La(g) = Np(g) + LaO(g) and Np(g) + YO(g) = NpO
(g) + Y(g). Results of the calculation of the enthalpy of
formation from both reactions are given in Table 79. For both
reactions, the results are in good agreement.

The selected value

AH®(NpO, g, 298.15 K) = —(16.6 + 10.0) kJ mol '

is taken as a weighted mean of two values obtained, with the
weight of NpO(g) + La(g) equilibrium twice as that of Np(g) +
YO(g), due to the higher statistical errors of the latter. To the
selected enthalpy of formation corresponds the value of dis-
sociation energy, Do(NpO) = (734.8 £ 10) kJ mol ', Thisis in
good agreement with the value (744 + 21) kJ mol ' estimated
by Margalo and Gibson’ on the basis of gas phase oxidation
reactions involving the ionised species and known ionisation
energies.

6.11. PuO3(g)
6.11.1. Heat capacity and entropy

The thermodynamic functions of PuO3(g) in the standard
state in the temperature range 298.15-4000 K have been
calculated using the data given in Table 80. There are no
experimental data on molecular structure and spectra of PuOs.
Gao er al.”® and Zaitsevskii er al.”® have calculated the
molecular structure for PuO; by Hartree-Fock and DFT meth-
ods. The results of the calculations show that the PuO;
molecule has a planar structure of C,, symmetry similar to

Authors Method* T/K Reaction AH®(298.15 K) AH®(298.15 K)
Ackermann et al.>’ M 1665-1972 NpO(g) + La(g) = Np(g) + LaO(g) —63.6 —15.2

M 1173-1972 Np(g) + YO(g) = NpO(g) + Y(g) -22.0 ~19.6
Selected value: Do(NpO) = 734.8 + 10 —16.6 + 10

"M = mass spectrometry.
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TaBLE 80. The molecular parameters for PuO5(g)

KONINGS ET AL.

Parameter Value
Ground electronic state B,
Symmetry group Cyy
Symmetry number, ¢ 2
Ludglc (g8 cm®)? 4810 x 1017

Vibrational frequencies (cm™ b}
Electronic states (cm ™ ')°

840, 700, 170, 800, 190, 145

0(2), 2530(1), 4870(2), 6700(2), 10334(1), 10983(2), 11225(1), 11651(2), 12326(1),

16713(1), 17737(2), 18565(2), 20029(1), 22703(2), 22889(2), 23022(2), 29710(2),

32198(2), 32759(1), 34080(2), 34702(2), 34982(2)

*Product of moments of inertia.
PNumbers in parentheses represent the statistical weights.

that of UO3. The molecular constants of PuO; obtained by Gao
et al.” seem unreliable being significantly different from the
corresponding molecular constants of UOj3. The product of the
principal moments of inertia of PuO; (see Table 80) is
calculated using r,(Pu—0) = (185 4 5) pm (two equal bonds),
ro(Pu—0") = (190 £ 5) pm, and / O—Pu—O = (160 £ 10)°. The
bond distances are estimated by comparison with molecular
constants of UO, UO,, UO3, PuO, and PuO,. The value of the
O—Pu-O bond angle is accepted to be equal to that in UO;
molecule (see UO3).

The vibrational frequencies calculated by Gao er al.,””
which have too low values, were not used for estimation of
vibrational contribution to the PuOj; thermodynamic func-
tions. The values of vibrational frequencies (see Table 80)
are estimated by comparison with corresponding frequencies
adopted for UO, UO,, UO;, PuO, and PuO, molecules.

According to the calculations of Gao et al.,”° the PuOs
molecule has a ’B; ground state. Experimental and theore-
tical investigations of PuOj excited electron energy levels
are unknown. The energy levels of PuOj; are assumed to be
approximately the same as for the isoelectronic ion PuO3"
(configuration [Rn]5f%). These energy levels have been
obtained by Infante er al.>®' using the novel relativistic
intermediate Hamiltonian Fock-space coupled-cluster
method.

The derived standard entropy at room temperature is

S°(298.15K) = (319.450 +4) JK ' mol ™!

and the coefficients of the equations for the heat capacity
are

o -1 -1\ __ -3

Cy/(TK ' mol™") =52.89593 + 75.46988 x 10*(T/K)
—71.42497 x 107°(T/K)*
+25.87474 x 10~°(T/K)?
—3.753825 x 10°(T/K) >

for the 298.15-900 K range, and

Cy/(JK "mol™") = 76.50587 4 8.903191 x 10~*(T/K)

—1.504422 x 107%(T/K)?

+0.07709618 x 10~°(T/K)’
—16.13944 x 10°(T/K)*

for the 900 K—4000 K range.
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6.11.2. Enthalpy of formation

Krikorian ef al.’®* have carried out transpiration experi-
ments to study the volatility of PuO,(cr) in the presence of
oxygen and steam. In experiments in presence of oxygen,
it was expected, in analogy to uranium vaporisation beha-
vior, that volatilization can occur to PuO5(g) species, with
insignificant amounts of the known plutonium oxide species,
PuO(g) and PuO,(g), according to known thermodynamic
data. The existence of the PuO; vapor species was later
confirmed by Ronchi e al.’®® who detected the molecule
in mass-spectrometric study of vapors over plutonium di-
oxide. Krikorian et al.’®* used their data for 1 atm oxygen
gas present (3 points, 1482 and 1483 K) to obtain the
pressures of PuO3(g) and to calculate equilibrium constants
K, = p(PuO3)/a(Pu02)p(02)]/ 2), for the reaction

PuO,(s) + %Oz(g) = PuOs;(g).

Taking the activity of PuOs(cr) as unity, Krikorian et al.”®
obtained an average third-law value AH°(298.15 K) =
(493.0 + 4.9) kJ mol ™! (uncertainty is standard deviation).
We have recalculated the equilibium constants of the above
reaction with the thermodynamic functions for PuO,(cr) and
PuOs(g) adopted in this assessment: A,H°(298.15 K) =
(488.2 & 15) kJ mol ™', with an estimate of total uncertainty.
Combining this value with the enthalpy of formation of
PuO,(cr) gives the adopted value

AH®(PuOs, g,298.15) = —(567.6 =+ 15) kImol .

6.12. PuO4(9)
6.12.1. Heat capacity and entropy

The thermodynamic functions of PuO,(g) in the stan-
dard state have been calculated using the data given in
Table 81.

The only experimental study on the molecular properties of
PuO, is the infrared spectroscopic measurement of PuO,
isotopomers in Ar and Kr matrices by Green and Reedy.’®*
The O-Pu-O bond angle of 180° was calculated from the
measured isotope shift. This is consistent with the absence of
peaks attributable to v, for the case of Pu1602 and Pulgoz.
There are no experimental data on Pu—O bond distance in
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TaBLE 81. The molecular parameters for PuO,(g)

Parameter Value
Ground electronic state SEg
Symmetry group D,
Symmetry number, ¢ 2

I (g cm?®)® 18.0 x 107

Vibrational frequencies (cm™ 1P
Electronic states (cm™')°

792, 109(2), 828

0(1), 420(1), 513(1), 516(1), 525(1), 1077(1), 1079(1), 1358(1), 1383(1), 4955(1),

5094(1), 5149(1), 5149(1), 5208(1), 5277(1), 5390(1), 5571(1), 5571(1), 5698(1),5698(1),

8700(3), 9400(12), 10400(3), 11700(5), 12500(11)

“Moment of inertia.
PNumbers in parentheses represent the degeneracies.
“Numbers in parentheses represent the statistical weights.

PuO,. The principal moment of inertia of PuO, (see Table 81)
is calculated using 7,(Pu—0) = (184 + 5) pm. This value is an
average of two bond distances (181.2 and 187.0 pm) obtained
in ab initio calculations of Liao e al.>>® and Archibong and
Ray.”® The recent computational study by Zaitsevskii e al.”®°
is in fair agreement.

The adopted values of PuO, vibrational frequencies (see
Table 81) are taken from the ab initio calculation of Archibong
and Ray5 %5 at the CCSD(T) level. The adopted values v; and v3
correlate with the results of density-functional method includ-
ing spin-orbit effects.

There are no experimental data on electronic spectra of
PuO,. Only results obtained in theoretical calculations are
available. According to the calculations made by Liao
et al.>®® and Archibong and Ray”®’ the ground state of PuO,
is XSEg. Both calculations do not take into consideration the
effects of spin-orbit interactions and present limited num-
bers of energy levels. Therefore, these data were not used for
the evaluation of electronic contribution to the PuO, ther-
modynamic functions. We preferred to use the energy levels
derived from the low-temperature absorption spectra of low-
symmetry monoclinic PuF,(cr), interpreted and supplemen-
ted with the results of crystal-field calculations by Carnall
et al.>* In the crystal field of monoclinic plutonium tetra-
fluoride with the C, site symmetry the Pu*" multiplets split
into singlets. These singlet levels were used for modeling
PuO,(g) levels (see Table 81; the energy levels above 5698
cm~ ' represent the results of combining of several close-
lying levels).

The derived standard entropy at room temperature is

S°(298.15K) = (278.741 +5) JK ' mol ™!

and the coefficients of the equations for the heat capacity
are

Cy/(JK"mol™") =70.29021 — 13.46001 x 10*(T/K)
+9.065878 x 10-°(T/K)*
—1.403447 x 10~°(T/K)*
— 4.810746 x 10°(T/K)?

for the 298.15-1500 K range, and

C;/(JK "mol ™) = 49.85911 + 11.46596 x 10~*(T/K)
—1.472281 x 10-%(T/K)?
—8.555747 x 107'*(T/K)?
+41.20745 x 10°(T/K) >

for the 1500-4000 K range.

6.12.2. Enthalpy of formation

Total pressure over substoichiometric plutonium dioxide
was measured in several investigations. Phipps er al.’®®
employed the Knudsen effusion method to measure total vapor
pressures between 1593 and 2063 K; evaporation was per-
formed from a tantalum effusion cell. The authors came to
conclusion that “reduction of plutonium dioxide occurs when
it is heated in vacuum in a tantalum oven.” Mulford and
Lamar’®’ reported the vapor pressure data of plutonium diox-
ide measured at temperatures between 2000 and 2400 K using
tungsten Knudsen effusion cells. The effusion rates were
considerably less than those observed by Phipps. Pardue and
Keller’®® measured the vapor pressure of plutonium dioxide in
air, argon, and oxygen at temperatures between 1723 and 2048
K, using the transpiration technique. Total vapor pressures of
PuO,_, compositions were measured by Messier™®® gravime-
trically with tungsten Knudsen cells from 2070 to 2380 K, and
the vapor pressure equation for the composition approximat-
ing the congruent one, PuO; g,, was obtained. According to
mass-spectrometric measurements of Battles ez al.,”’® PuO(g)
is the major species in the vapor phase of the Pu,O3 + PuO, g4,
system. In nonreducing atmosphere PuO pressure significantly
diminishes. Nevertheless, its part in the total vapor pressure
must be taken into account in deriving PuO, pressure over
PuO,_, phase.

Extensive experimental study and detailed thermodynamic
analysis of the vaporization of the substoichiometric pluto-
nium dioxide has been carried out by Ackermann et al.**® The
rates of evaporation of plutonium-bearing species from the
plutonium dioxide phase in the range 1646-2104 K were
measured by the effusion method. The effusion cells were
made from tungsten, rhenium, and tantalum. The results
obtained with tungsten and rhenium cells were found to be
in good agreement. The total pressure calculated under
assumption of PuO,(g) as the only vapor species was

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014



013101-78

approximated by the equation
log(p/atm) = — (29620 + 280)/(T/K) + (7.50 £ 0.15).

The above equation corresponds to evaporation of the PuO, o,
composition, which did not significantly change during the
time of measurements. Results obtained with the tantalum
effusion cell, i.e. under reducing conditions, correspond to the
univariant evaporation of the Pu,O3 + PuO, ¢, system. Using
data on evaporation in reducing conditions, free energy of
formation of PuO(g) was derived and the PuO(g) pressure over
PuO, ¢, phase was calculated. Values of PuO,(g) pressure
evaluated in the 1600-2150 K range were fitted to the equation:

log(p/atm) = —29640/(T/K) + 7.67.

In combination with auxiliary data from literature, this equation
was used by Ackermann e al.**® for deriving the linear equation
for the standard free energy of formation of PuO,(g), in cal/mol:

A/G®(PuO,, g) = —113100 + 4.35(T/K).

This equation is combined with Gibs energy of formation of
PuO,(cr) for calculation of the PuO,(g) pressures over
stoichiometric PuO,(cr) in the 1650-2150 K temperature
range. With the pressure values so obtained we find the
third-law value for the enthalpy of sublimation: Ag,,H°
(PuO,, s, 298.15) = (643.9 & 15) kJ mol ', yielding AH°
= —(411.9 + 15) kJ mol ..

Gotcu-Freis er al.”’" studied the evaporation of PuO, by
mass spectrometry in vacuum and in a flow of low pressure
oxygen. Their results in vacuum are in excellent agreement
with most of the earlier studies, including Ackermann et al.**®
They observed, however, a significant difference between the
measurement in vacuum and oxygen, suggesting that the
change in O/Pu ratio has an influence on the vaporisation
equilibria. From the analysis of the measurements in oxygen
considering the reaction PuO,(cr) = PuO,(g) they obtained
AupH°(298.15 K) = (627 + 7) kJ mol ™" by second law
analysis and A;,,H°(298.15 K) = (616 £ 6) kJ mol ! by third
law analysis, corresponding to AH® = —(428 £ 7) kJ mol !
and AH® = —(440 & 6) kJ mol ", respectively.

The selected value of PuO,(g) enthalpy of formation is

A/H®(PuO,, g, 298.15) = —(428 4 20) kI mol .

6.13. PuO(g)
6.13.1. Heat capacity and entropy

The thermal functions of PuO(g) in the standard state have
been calculated using the data given in Table 82.

The electronic spectrum of PuO is unknown. The Pu'®0O and
Pu'®0 molecules were identified in Ar and Kr matrices by
Green and Reedy.5 54 The o, and w,x, values given in Table 82
were calculated using these data taking into account the matrix
shift (~15 cm™ ") from the condition of converging the vibra-
tional levels to the adopted dissociation limit. The internuclear
distance r, = (184 £ 2) pm is estimated from the comparison of
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KONINGS ET AL.

TaBLE 82. Molecular constants of 23()Pu](’O(g)

T, 0., ox, B, 010° D10’

e
—1

No. State cm pm Di

0* X0¢ 0 830 3.1 033 16 213 1840 1
1° 150 2
2b 600 3
3b 900 2
4° 1300 2
5° 1600 6
6° 2000 2
7° 2400 8
g° 3100 22
9° 4200 20
10° 5000 4
11° 10 000 20
12° 15 700 120
13° 20 000 320
14° 25 000 340
15° 30 000 470
16° 35 000 1640
17° 40 000 2400

“Assumed to be analogous to SmO(g).
PEstimated state.

the r, values in the grounds states for the CeO and NdO with the
same values for the ThO and UO molecules.

Ab initio studies by Gao et al.’’* and by Li and Xu®"® gave
the ground state X527, r, = 183 pm, w, = 781.15 cmfl; the
latter value disagreed with the matrix data. The electronic
structure of PuO should be analogous to that of SmO, which has
the X0~ ground state and near lying Q = 1 and Q = 2 states.
The ground state configuration of SmO is 4f°6s, which does not
generate a ° state. Details of the Ab inifio studies by Gao
etal.>* and by Li and Xu®”? are not available. The information
was taken from abstracts in Chemical Abstract, where the
symmetry of the X°X ™~ may be indicated erroneously. The w, =
(830 + 10) cm~ ! value, derived from the matrix spectra, is
characteristic for the SfN 17 configuration: see w.(UO) ~ 846
(deperturbed value). In the present work for PuO we assume the
electronic structure analogous to that of SmO. The more dense
structure (total statistical weight of excited states is equal to
5382) is due to the more close arrangement of the atomic states
of the 5f° core PulV.

The derived standard entropy at room temperature is

$°(298.15 K) = (252.254 +3.0) JK ' mol ™!

and the coefficients of the equations for the heat capacity are
Cp/(JK™"mol™") =25.39529 + 54.2560 x 10(T/K)

—36.2549 x 107°(T/K)?
+6.47005 x 10~°(T/K)*
+3.72127 x 104(T/K) 2

for the 298.15-1200 K range, and

Cy/(JK "mol ") =78.23663 — 27.3687 x 10*(T/K)

+6.77906 x 10°(T/K)*
—0.440726 x 10~°(T/K)?
—7.04572 x 10°(T/K) >

for the 1200-4000 K range.
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6.13.2. Enthalpy of formation

The total pressure of plutonium-bearing species in the
process of evaporation of plutonium oxides in tantalum cru-
cibles is well established and is interpreted to correspond to the
equilibrium state in the Pu,O3 + PuO; 4, two-phase system
(see Cordfunke and Konings®). According to mass-spectro-
metric measurements by Battles er al.,”’ PuO(g) is the major
species in the vapor phase of the Pu,O3 4+ PuO, ¢; system. For
calculation of the enthalpy of formation of PuO(g) the data
obtained by Ackermann er al.**® were used. The data of this
paper are in good agreement with the work of Phipps er al.,”*®
as well as with data of Ohse,574 Messier’® and Gotcu-Freis
etal.”’" The pressure of PuO,(g) in the system is small and can
be neglected. A small amount of Pu(g) was calculated from the
equilibrium constant for the reaction

2.584PuOy 161 (cr) = 0.584Pu(g) + Pu,Os(cr)

After correcting the total pressure for Pu(g), the enthalpy of
formation for PuO(g) was calculated from the enthalpy of
reaction

2‘773PUZO3(CT) = PuO(g) + 4.545Pu01_161 (cr) + ]52202(g)

The third-law value obtained, A,H°(298.15 K) = 560.4
kJ mol ! leads to the enthalpy of formation PuO(g), which
is selected:

A7 (PuO, g, 298.15 K) = —(51.7 + 15) kI mol !

This value corresponds to the dissociation energy Dy(PuO) =
(648.7 + 30) kJ mol " This is in good agreement with the
value (658 & 10) kJ mol ! estimated by Margalo and Gib-
son’” on the basis of gas phase oxidation reactions involving

the ionised species and known ionisation energies.

6.14. AmOy(g)
6.14.1. Heat capacity and entropy

The thermodynamic functions of AmO,(g) in the standard
state have been calculated using the data given in Table 83.
Experimental data on the molecular structure and spectra of
AmOQO; are not available. Theoretical calculations of the structure

TaBLE 83. The molecular parameters for AmO,(g)

Parameter Value
Ground electronic state X°IL, 5,
Symmetry group D.op,
Symmetry number, ¢ 2

I (g cm?)? 17.35 x 107

815, 105(2), 757
0(2), 447(2), 5515(2), 6565(2), 12622(2),
15418(2), 15668(2), 16664(2), 18676(2),
21580(2), 21925(2), 22230(2), 22469(2),
23882(2), 25844(2), 28909(2)

Vibrational frequencies (cm™ he
Electronic states (cm ™ ')°

“Moment of inertia.
"Numbers in parentheses represent degeneracy.
“Numbers in parentheses represent the statistical weights.

of the AmO, molecule have been made by Kovacs et al.,575

which showed that the molecule has a linear D, structure withr
(Am-O) = 180.7 pm. The principal moment of inertia of AmO, is
calculated from this value. Subsequent calculations by Infante
et al.*** provided details on the ground-state electronic structure
of the molecule. The harmonic and anharmonic vibrational
frequencies were calculated by Kovacs and Konings*® using
DFT methods, while the most important low-lying electronic
states were reported in Ref. 575.
The derived standard entropy at room temperature is

S°(298.15K) = (279.464 +6) JK ' mol !

and the coefficients of the equations for the heat capacity are

Cy/(JK " mol™") =52.7906 + 26.0768 x 10~*(T/K)
—27.1648 x 10~%(T/K)?
+10.2293 x 107°(T/K)’
—3.3759 x 10°(T/K) >

for the 298.15-1000 K range, and

o —1 -1\ __ -3
Cp/(JK ' mol™") =54.4906 + 7.17462 x 107*(T/K)
— 1.46280 x 10°°(T/K)*
+0.13147 x 10~°(T/K)?
+1.2604 x 10°(T/K) 2

for the 10004000 K range.

6.14.2. Enthalpy of formation

Gotcu-Freis er al.’’® measured the vapor pressure over
AmO,_, identifying AmO(g), AmO,(g) and Am(g) as vapor
species. However, due to the strong change in the O/Am ratio
of the samples during the measurements, it is not possible to
derive the enthalpy of formation of AmO,(g) from these
results. Kovécs et al.”” calculated the dissociation energy of
the reaction AmO,(g) = AmO(g) + O(g) as 6.03 eV (581.8
kJ mol~") using multiconfigurational relativistic quantum
chemical methods. From these date we obtain

A/H°(AmO,, g, 298.15) = —(514.0 =+ 30) kI mol .

6.15. AmO(g)
6.15.1. Heat capacity and entropy

Thermal functions of AmO(g) in the standard state have
been calculated using the data given in Table 84.

As there is no spectral data on the AmO molecule, the
estimates of the molecular constants given in that table are
based on the trends revealed in the spectral data of the
lanthanide monoxides. After the completion of this assess-
ment, a few quantum chemical calculations on the molecular
geometry, ro-vibrational properties and low-lying electronic
states were published.*****2>7 Infante et al.*** confirmed the
electronic ground state of AmO to be X821 2. But significant
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TaBLE 84. Molecular constants of 243AmI(’O(g)

T, 0. ox, B, 010° D10’

e
—1

No. State cm pm Di
0 b)) 0 700 295 0311 1.7 2461 190 8
1 5000 8
2 6000 16
3 7000 18
4 8000 28
5 12 000 50
6 15 000 30
7 20 000 30
8 25 000 430
9 30 000 2200

10 35 000 2800

11 40 000 3000

differences were found for the other properties (w, = 872
em™ !, r, = 180.1 pm).

The electronic structure of AmO is assumed to be analogous
to that of EuO. Small difference in the recommended statistical
weights of the united terms is due mainly to a little smaller
accepted energy of A®S(f%s) state.

Uncertainties of the calculated thermal functions are due
mainly to the unknown energy of the first excited state
AP3(f°s). The minimum on the curve presented the variation
of the actinide oxides dissociation energy with the charge on
the actinide atoms implies that the ground state of the AmO
molecule is XSZ(f7). However, as in case of EuO, the position
of A%Z(f%s) is quite unclear.

The derived standard entropy at room temperature is

$°(298.15 K) = (259.105 +5.0) JK~" mol ™!

and the coefficients of the equations for the heat capacity are

Co/(JK ' mol™") =34.31966 + 6.13074 x 107*(T/K)
— 6.40603 x 107°(T/K)?
+4.00456 x 10~°(T/K)?
—2.68922 x 10°(T/K) 2

for the 298.15-1500 K range, and

o -1 -1\ __ -3
Cy/(JK 'mol™") = — 85.66885 + 111.574 x 10(T/K)
—30.2584 x 107%(T/K)?
+2.82855 x 107°(T/K)?
+4.35180 x 10’(T/K)*

for the 1500—4000 K range.

6.15.2. Enthalpy of formation

No experimental measurement of the enthalpy of formation
AmO(g) is known. Estimates of this value can be made using
estimates of the AmO dissociation energy. The dissociation
energy of AmO(g) was estimated by Haire®”” as 550 kJ mol '
using correlation between dissociation energy and promotion
energy, needed for excitation of the free actinide atom in the ds”
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configuration. The estimation was confirmed by ICR mass
spectrometric study of reactivity of americium oxide ions by
Santos er al.’”® From the results of experiments, Santos et al.
estimated Do(Am™-O) = (580 £ 50) kJ mol ! and found the
ionization energy IE(AmO) = (5.9 £ 0.2) eV, or (569 £ 20)
kJ mol~!. Later, Marcalo and Gibson’® revised the former value
to (560 & 28) kJ mol ' The thermochemical relation

IE(AmO) + Dy(Am™* — O) — IE(Am) = Dyp(AmO)

resulted in the value Do(AmO) = 553 kJ mol !, in agreement
with an previous estimate.’”’ The rounded value Dy(AmO) =
(550 + 50) kJ mol ! is selected in this work. It corresponds to

AH®(AmO, g, 298.15K) = —(15 + 50) kJmol .

6.16. CmO(g)
6.16.1. Heat capacity and entropy

Thermal functions of CmO(g) in the standard state have
been calculated using the data given in Table 85. Since there is
no molecular data on the CmO molecule, the molecular
constants given in this table were estimated using the trends
revealed in the spectral data of the lanthanide monoxides. The
electronic structure is assumed to be analogous to that of GdO.
The more dense structure (total statistical weight of excited
states is estimated to be equal to 3209, that of GdO to 1834) is
due to the more dense arrangement of the atomic states of the
5f° core CmlIV. After the completion of this assessment, a few
quantum chemical calculations on the molecular geometry, ro-
vibrational properties and low-lying electronic states were
published.***49237 Infante er al.*** confirmed the electronic
ground state of CmO to be X°%,. The other properties agree
well with the estimated values.

The derived standard entropy at room temperature is

$°(298.15K) = (259.071 +5.0) JK~ ' mol ™!

and the coefficients of the equations for the heat capacity are
° -1 —1y _ -3
C,/(JK™ mol ") =26.15923 + 23.0665 x 10~°(T/K)
—11.8949 x 107%(T/K)?
+1.83564 x 10~°(T/K)’
—3.50044 x 10%(T/K) >

TaBLE 85. Molecular constants of 247Cran(g)

T, 0, oz, B, 10° D10’

Te
—1

No. State cm pm Di

0 X’z 0 840 288 0333 1.5 2.1 1835 9
1 2300 7
2 10 000 18
3 17 000 50
4 20 000 65
5 25 000 120
6 30 000 400
7 35 000 1040
8 40 000 1500
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TaBLE 86. Molecular constants and enthalpies of formation for AnO(g) (An = Bk-Lr)

AH(©0 K)°
®, X" B. 0,10% Calculated Estimated® AH(298.15 K)
r(‘
An em™! pm kJ mol ™! kJ mol ™'
BKkO 833 3 0.333 1 183.5 537 598 543
CfO 833 3 0.338 1 182.2 479 498 485
EsO 825 3 0.338 1 182.2 403 460 409
FmO 735 3 0.327 1 185.0 369 443 373
MdO 673 3 0.311 1 189.8 341 418 349
NoO 650 3 0.303 1 192.3 290 268 295
LrO 756 3 0.319 1 187.1 583 665 588

“Estimated on the basis of the data of light actinide monoxides.
*Bond dissociation AnO — An + O.
“Haire.

for the 298.15-1200 K range, and

Cy/(JK ' mol™") = 46.16751 — 3.81910 x 107*(T/K)
+0.473867 x 107°(T/K)? + 0.160603
x 107°(T/K)* — 3.86840
x 10°(T/K) 2

for the 12004000 K range.

6.16.2. Enthalpy of formation

Smith and Peterson’”® have performed Knudsen-effusion
measurements of Cm,O5 evaporation in the temperature range
1800-2600 K. Curium oxide has been shown to vaporize
congruently. Thermodynamic analysis has led to conclusion
that the predominant vaporization process is the formation of
CmO(g) and O(g). From the enthalpy of reaction

Cm, 03 (cr) = 2CmO(g) + O(g),

an approximate value Dy(CmO) = 728 kJ mol ! was obtained,
using for the curium oxide the enthalpy of formation equal to that
of Pu,Os5. The mechanism of curium oxide vaporization pro-
posed by Smith and Peterson obtained unambiguous confirma-
tion in the mass spectrometric work on curium vaporization from
a mixed curium-plutonium oxide by Hiernaut and Ronchi.”® It
was shown that CmO is the only effective vapor species.
With the thermodynamic functions of Cm,Os(cr) from
this assessment, the enthalpy of the above reaction was
calculated from the equilibrium constant for the temperature

1843 K: A,H°(298.15 K) = 1782.4 kJ mol . This value yields

A/H°(CmO, g, 298.15 K) = —(75.4 +20) kI mol '

which is selected. The corresponding dissociation energy is
Do(CmO) = 708.3 kJ mol '. It should be mentioned that
Gibson?®! estimated the value Dy(CmO) =709kJ mol ! using
the concept of a Ln or An atom into a d°s configuration thought
to be needed for formation of the Ln-O or An-O bond.

6.17. Computed data for AnO(g) and AnO4(g)
(An = Bk-Lr)

Presently, there is no experimental information available in
the literature on the molecular parameters on the monoxides and
dioxides of the late actinides. The bond distance and harmonic
vibrational frequency of LrO has been computed by Cao and
Dolg.”®" The DFT study by Kovacs er al.**® using relativistic
effective core potentials on the actinides provided the first data
on the molecular geometries and harmonic vibrational frequen-
cies of the other mono- and dioxides. That study reported also
the computed dissociation enthalpies and Gibbs free energies.
The reliability of the latter data can be assumed to be compar-
able to that for the monoxides and dioxides of early actinides,
where average deviations of ca. 20 kJ mol ™' for the dioxides
and ca. 50 kJ mol ' for the monoxides were obtained as
compared with available experimental dissociation enthalpies
at 298 K. The computed dissociation enthalpies are in good
agreement with estimated data of Haire and Eyring”®” using the
promotion model. The molecular constants and thermochemi-
cal properties are summarized in Tables 86 and 87.

TaBLE 87. Molecular constants and enthalpies of formation for AnO,(g) (An = Bk-Lr)

. . | AH(®O K)* A;H°(298.15 K)°
i e A

An cm™! Symmetry pm /(O-An-0) kg m? kI mol ™! kJ mol ™
BkO, 791, 152(2), 725 2 182.0 180.0 1.75952 x 1074 420 425

CfO, 795, 183(2), 716 2 181.7 180.0 1.75303 x 107+ 434 440

EsO, 816, 213(2), 738 2 179.5 180.0 1.71066 x 107%° 427 433
FmO, 816, 221(2), 730 2 179.1 180.0 1.70399 x 107+ 413 419
MdO, 789, 182(2), 703 2 181.2 180.0 1.74408 x 107+ 354 360

NoO, 753, 170(2), 668 2 184.3 180.0 1.80437 x 107+ 291 296

LrO, 686, 114, 271 2 194.0 101.5 1.6373 x 107 13% 330 334

“Bond dissociation AnO, — AnO + O.
PNeglecting electronic contributions.
LIzl for LrO, in kg m°,

J. Phys. Chem. Ref. Data, Vel. 43, No. 1, 2014



013101-82

7. Discussion and Conclusions

7.1. Comparison to existing reviews

The current review has resulted in a consistent set of
thermodynamic data for the lanthanide and actinide oxides
as summarized in Tables 88 and 89. As mentioned in the
Introduction, a number of critical reviews are existing but
they are generally restricted to the condensed state and do
not include the gaseous oxides, which were treated in detail
in the present work. In 1968 Holley Jr. et al.>®* published a
rather complete review of the crystalline lanthanide oxides
based on the emerging literature on these intriguing com-
pounds. The current work has extended that review by
providing data in a wider temperature range, and including
many more recent literature sources. Although the selected
values are generally in good agreement with the recommen-
dations of Holley Jr. et al.,’® differences may exist, parti-
cularly for the high temperature properties. During the
course of our work Zinkevich’®* published a comprehensive
review of the thermodynamics of the rare earth sesquiox-
ides. He also gave rather complete overview of the existing
literature, and complemented the known values with esti-
mated data. A major difference between that work and the
current results is obvious for the (estimated) properties of
the phase transitions. Whereas we have based the estimation
of the entropies of transition and fusion on the high pressure
work by Hoekstra,''® the experimental study of Gd,O5 by
Barkhatov et al.,'"*® the recent DTA work on La,O5 by
Ushakov and Navrotsky,14 and the observation for the
lanthanide trihalides that the sum of the transition and
melting entropies is fairly constant throughout those ser-
ies,160 Zinkevich®®* based his estimations on the measured
entropies of fusion for Y,03 and Sc,03 and a comparison to
the relation between volume change upon melting and
entropy of fusion for the lanthanide metals. These are two
different approaches, resulting in somewhat different
values, but in absence of experimental data it is difficult
to validate them. We think that our approach based on
comparison to the (ionic) halides is physically more justified
than the comparison to metals.

A comprehensive review for the actinide oxides that treats
the condensed and the gaseous phases in a consistent manner
does not exist. In the frame of the thermodynamic database
project OECD/NEA*%385-387 the solid oxides of Th, U, Np,
Pu and U were reviewed, but with emphasis on the room
temperature values. No significant differences exist between
our and that work, since the same sources of information
have been used, with the exception of the high temperature
heat capacity of the oxides of Np and Am for which new
measurements were reported recently. The molecular spe-
cies of some of the major actinides (Th, U, Pu) have been
dealt with in general thermochemical assessments”*>>*% but
the information was very limited at the time those works
were completed. Currently quantum chemical computa-
tional methods are a main source of molecular data for
most actinide oxide species, and are considered to be more
reliable than the assumed analogy with the better known
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lanthanide compounds. There are four comprehensive quan-
tum chemical studies*®*'%57598 ysed in this assessment
which covered the mono- and dioxides of early actinides
(Th, Pa, U, Np, Pu, Am, Cm), although in some cases the
information appeared too late to be included. Quantum
chemical studies are also used to calculate dissociation
energies of early actinide oxides species and their cations
(e.g., Averkiev er al.>®). Although the errors of several
experimental values are quite large, the comparison indi-
cates that the quantum chemical computations are suffi-
ciently reliable to predict trends among various actinides
but also that the reliability of the computed values still does
not reach that of the advanced gas-phase experimental
methods.

7.2. Trends

The thermodynamic data from the present review allow
evaluating the trends in the lanthanide and actinide series,
as we have also done for the elements.””® As is obvious
from the sections for the individual compounds, these trends
have been used extensively for checking consistency and
estimating unknown properties. However, unlike the metals
the comparison of the trends in the lanthanide and actinide
oxides is less obvious because the electronic configurations
are different. Whereas in the lanthanide series the com-
pounds are predominantly trivalent due to the fact that the
4f electrons do not participate in the bonding (localised),
this is not the general case for the actinide series. In the light
actinides (Th-Am) the 5f electron are delocalised (itinerant)
and as a result these elements show a wide range of
valence states in compounds. The crystalline sesquioxides
are formed in both series for a large number of elements and
can be compared very well. The crystalline dioxides are
typical for the actinides, and are stable only for a few
lanthanides. In the gas phase the LnO and AnO molecules
are stable for all elements, the AnO, and AnO3 molecules
are again typical for the light actinides (Th-Am). We will
shortly discuss the trends in the crystalline sesquioxides, the
crystalline dioxides and the gaseous monoxides.

7.2.1. The crystalline sesquioxides

A comparison of the polymorphism of the actinide with the
lanthanide sesquioxides is made in Fig. 23, which is a remake
of Fig. 4 showing the stability domain of the crystallographic
modification not as a function of the position in the lanthanide
series, but as a function of the ionic radius. It is evident that the
actinide sesquioxides fall in the mid range where the poly-
morphism is most complex. It can be seen that the polymorph-
ism of Cm,O; fits reasonably well in the Ln,O5 series, but the
other An,O; compounds show discrepancies: the transition
temperatures, particularly the melting points, are significantly
lower.

Figure 24 shows the trend in the standard entropy of the
sesquioxides, which can be well described as the sum of a
lattice component, arising mainly from the vibrations of the
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TaBLE 88. Selected thermodynamic data of the solid and liquid phases of the lanthanide and actinide oxides
C/J K 'mol ' =A+BT+CT? + DT’ + ET 2

A/H®(298.15)  $°(298.15) Temperature AyH
Phase kJ mol ™! J K 'mol! A B C D E range (K) T, /K kJ mol ™!
La,05(A) —1791.6 £2.0 127.32 £0.84 120.6805  13.42414 x 1073 —14.13668 x 10° 2981800 2313 + 30 (A — H) 23+5
La,05(H) - - 150 - - - - 2313-2386 2386 + 30 (H — X) 17+5
La,05(X) - - 150 - - - - 2386-2577 2577 + 15 (X — liq) 78 + 10
La,05(liq) - - 162 - - - - >2577
CeOy(cr) —1090.4 £ 1.0  62.29 + 0.07 74.4814 5.83682 x 10 - - —1.29710 x 10°  298-3083 3083 + 50 (cr — liq) 69 +5
CeO,(liq) - - 120 - - - - >3083
Ce,05(A) —1799.8 £ 1.8 148.1 £ 04 113.736 28.4344 x 1073 - - —6.41205 x 10°  298-2392 2392 + 30 (A — H) 28 + 8
Ce,03(H) - - 145 - - - - 2392-2406 2406 + 30 (H — X) 19+5
Ce,05(X) - - 145 - - - - 2406-2512 2512 + 50 (X — liq) 85+ 10
Ce,05(liq) - - 157 - - - - >2512
PrO,(cr) —959.1 +£23 80.8+2.0 72.9881 16.628 x 10 — - —0.9990 x 10° 298-663
PrO, g33(cr) —944.6 £2.5 792420 68.4932  15.9207 x 1073 - - —8.0968 x 10° 298-750
Pr,05(A) —1809.9 £ 3.0 1527 £0.3 121.6594  25.5611 x 1073 - - —9.8942 x 10° 298-2310 2310 £+ 30 (A — H) 28 + 8
Pr,05(H) - - 145 - - - - 2310-2397 2397 +£ 30 (H— X) 19+5
Pr,05(X) - - 145 - - - - 2397-2583 2583 £ 25 (X — liq) 88 £ 10
Pr,05(liq) - - 157 - - - - >2583
Nd,O3(A) —1806.9 +£ 3.0 158.7 + 1.0 117.1079  28.13655 x 10~° - - —1.25845 % 10°  298-2379 2379 + 30 (A — H) 29 +8
Nd,O3(H) - - 145 - - - - 2379-2477 2477 + 30 (H — X) 20+5
Nd,03(X) - - 145 - - - - 24772577 2577 £ 15 (X — liq) 88 + 10
Nd»O5(liq) - - 160 - - - - >2577
Pm,03(B) —1811 + 21 158 +£5.0 122.9493  30.0141 x 1073 - - —1.85217 x 10°  298-2013 2013 4+ 20 (B — A) 6+3
Pm,03(A) - - 129.454 19.960 x 102 - - - 2013-2407 2407 + 20 (A — H) 31+8
Pm,05(H) - - 165 - - - - 2407-2497 2497 £ 20 (H — X) 20£5
Pm,03(X) - - 165 - - - - 2497-2592 2592 + 30 (X — liq) 88 + 10
Pm,05(liq) - - 179 - - - - >2597
Sm,05(C) —1826.8 4.8 132.4358  18.7799 x 1073 - - —2.40860 x 10° 298-900 ~ 900 (C — B) 6+3
Sm,05(B) —1823.0 £ 4.0 150.6 +0.3 129.7953 19.03114 x 1073 - - —1.86227 x 10°  298-2190 2190 + 20 (B — A) 7+3
Sm,05(A) - - 140 - - - - 2190-2395 2395 + 20 (A — H) 3248
Sm,05(H) - - 165 - - - - 2395-2533 2533 £ 30 (H — X) 20£5
Sm,05(X) - - 165 - - - - 2533-2613 2613 + 15 (X — liq) 89 + 10
Sm,05(liq) - - 179 - - - - >2613
Eu,05(C) —1662.5 £ 6.0 1354 4+ 2.0 136.2978  14.9877 x 1072 - - —1.4993 x 10° 298-1350 1350 + 15 (C — B) 9+3
Eu,04(B) 1333906 16.6443 x 1073 - - —1.42435 x 10° 298-2327 2327 £30 (B — A) T+2
Eu,05(A) - - 141 - - - - 2327-2427 2427 + 30 (A — H) 3348
Eu,05(H) - - 144 - - - - 2427-2557 2557 £ 30 (H — X) 21+5
Eu,03(X) - - 144 - - - - 2557-2622 2622 + 20 (X — liq) 89 £+ 10
Eu,05(liq) - - 156 - - - - >2622
Eu;04(cr) —2276 = 10 315+ 4 182.464 26.108 x 1073 - - 298-2000
EuO(cr) —5932+50 83.6+0.8 46.5453 7.360 x 1073 - - 1.42047 x 10*  419-1724
Gd,05(C) —1819.7 £ 3.6 150.6 + 0.2 114.8086  17.2911 x 1073 - - —1.28397 x 10°  298-2000 1473 (C — B) 9+2
Gd,03(B) 114.6104  15.2344 x 1073 - - —1.24917 x 10°  298-2430 2430 + 30 (B — A) 63+33
Gd>05(A) - - 142 - - - - 2430-2470 2470 + 30 (A — H) 347433
Gd,05(H) - - 130 - - - - 2470-2538 2538 £ 20 (H — X) 20£5
Gd>03(X) - - 130 - - - - 2538-2693 2693 £+ 15 (X — liq) 92 + 10
Gd,05(liq) - - 140 - - - - >2693
TbO,(cr) —9722+50 869 +3.0 73.259 13.2023-107° - - 1.0424 x 10° 298-1400 Decomposition
Tb,04(C) —1865.2 £ 6.0 159.2 + 3.0 120.6682  22.17194 x 10 - - —1.00261 x 10°  298-1823 1823 + 30 (C — B) 12+ 4
Tb,05(B) - - 152 - - - - 18232488 2488 + 30 (B — H) 55+8
Tb,05(H) - - 170 - - - - 2488-2682 2682 £ 15 (H — liq) 83+ 8
Tb,05(liq) - - 182 - - - - >2682
Dy,05(C) —1863.4 = 5.0 149.8 £ 0.15 121.2302  15.27609 x 103 - - —8.4580 x 10° 298-2223 2223 +£30 (C — B) 14+5
Dy,05(B) - - 155 - - - - 2223-2488 2488 + 30 (B — H) 55+8
Dy,03(H) - - 173 - - - - 2488-2680 2680 £+ 15 (H — liq) 83 +8
Dy,05(liq) - - 188 - - - - >2680
Ho,03(C) —1883.3 £ 8.2 156.38 £0.15 121.9340  10.11623 x 1073 - - —8.8628 x 10° 298-2538 2538 +£ 30 (C — B) 16 £5
Ho,05(B) - - 135 - - - - 2538-2588 2588 + 30 (B — H) 57+8
Ho,05(H) - - 149 - - - - 2588-2686 2686 + 15 (H — liq) 83 +8
Ho,05(liq) - - 162 - - - - >2686
Er,05(C) —1900.1 £ 6.5 153.13 £ 0.15 123.2921 8.62245 x 1073 - - —1.54433 x 10°  298-2538 2538 + 30 (C — H) 25+5
Er,O3(H) - - 162 - - - - 2538-2690 2690 + 15 (H — liq) 83+5
Er,05(liq) - - 176 - - - - >2690
Tm,05(C) —1889.3 £5.7 139.7+ 04 128.4322 5.23209 x 1072 - - —1.17891 x 10°  298-2588 2588 + 30 (C — H) 26+5
Tm,O5(H) - - 155 - - - - 2588-2682 2682 + 30 (H — liq) 83+ 8
Tm,04(liq) - - 168 - - - - >2682
Yb,0;(C) —1814.5+6.0 133.14+03 130.6438 3.34628 x 1073 - - —1.44820 x 10°  298-2687 2687 + 20 (C — H) 27+5
Yb,03(H) - - 134 - - - - 2687-2707 2707 £ 15 (H — liq) 84 + 8
Yb,05(liq) - - 146 - - - - >2707
Lu,O5(cr) —1877.0 = 7.7 109.96 + 0.13 122.4593 7.29001 x 1073 - - —2.03414 x 10°  298-2762 2762 + 15 (C — liq) 113 +£ 10
Lu,05(liq) - - 152 - - - - >2762
ThOy(cr) —12264 £35 6523 +£0.20 55.9620 512579 x 1072 —3.68022 x 107> 9.2245 x 10°°  —5.740310 x 10° 298-3500 3651 + 17 (cr — liq) 88 +6
ThO,(liq) - - 61.8 - - - - >3651
v-UOs(cr) —1223.8 £2.0 96.11 £+ 0.40 90.2284 1.385332 x 1072 - - —1.12795 x 10° 416-886 - -
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TaBLE 88. Selected thermodynamic data of the solid and liquid phases of the lanthanide and actinide oxides—Continued

C/J K'mol '=A + BT+ CT> + DT’ + ET *

A/H®(298.15)  $°(298.15) Temperature AH
Phase kJ mol ™! J K 'mol™! A B C D E range (K) T, /K kJ mol ™!
0-U3Og(cr)  —3574.8 2.5 282554050  279.267 2.7480 x 1072 - - —4.3116 x 10° 298-483 483 0.171
279.267 2.7480 x 1072 - - —4.3116 x 10° 483-658 658 0.444
279.267 2.7480 x 1072 - - —4.3116 x 10° 658-850 850 0.942
279.267 2.7480 x 1072 - - —4.3116 x 10° >850
U40q(cr) —4512+ 7 334.1 4+ 0.7 319.163 4.9691 x 1072 - - —3.9602 x 10°  298-1600 - -
UO,(cr) ~1085.0 + 1.0 77.03 + 0.20 66.7437 431393 x 1072 —3.5640 x 107> 1.1655 x 10~ —1.16863 x 10°  298-3000 3120 =+ 20 (cr — liq) 75+3
UO0,(liq) - - 1365.4956  —0.85866 1.91305 x 107*-1.41608 x 10~° - 3120-5000
Np,Os(cr) 21627+ 9.3 186 + 15 99.2 9.86 x 1072 - - - 298-750  ~ 700 (decomposition) -
NpOa(cr) —1078.5+£27 803 +0.4 647712 43.8574 x 1077 —35.0695 x 10°® 13.1917 x 10~  —0.78932 x 10°  298-3072 3072 + 66 + 50 (cr — liq) 70 =+ 6
NpO,(liq) - - 66 - - - - >3072
PuO,(cr) —1055.8 £ 1.0 66.13 £ 0.30 35.2952 15225 x 107" —1.27255 x 107 3.6289 x 10°®  —3.47593 x 10°  298-3017 3017 + 28 (cr — liq) 64+ 6
PuO,(liq) - - 70 - - - - >3017
Pu,05(A) —1647 + 10 £ 163.02 £ 0.65 130.6670  1.84357 x 102 - - —1.70530 x 10°  298-2300 2300 + 50 (A — H) 32+ 10
Pu,05(H) - - 165 - - - - 2300-2352 2352 + 10 (H — lig) 71+ 10
Pu,05(liq) - - 179 - - - - >2352
AmOs(cr) —9322+3.0 755+3.0 789718  3.8365x 10°° - - —1.40591 % 10°  298-1200 -
Am,03(A)  —1690.4 +7.9 1342 +5.0 126.0084  8.0097 x 1073 - - —1.05752 x 10°  298-2350 2350 + 50 (A — H) 33 + 10
Am,05(H) - - 141 - - - - 2350-2410 2410 + 50 (H — X) 10 £ 10
Am,05(X) - - 141 - - - - 2410-2481 2481 + 15 (X — lig) 74 £ 10
Am,05(liq) - - 156 - - - - >2481
Cm,03(B)  —1684 + 14 16745 123.532 1.4550 x 1072 - - —1.3489 x 10° 2981888 1888 + 15 (B — A) 6+3
Cm,05(A) - - 142 - - - - 18882273 2273 + 20 (A — H) 3246
Cm,05(H) - - 130 - - - - 2273-2383 2383 + 20 (H — X) 10+5
Cm,05(X) - - 130 - - - - 2283-2543 2543 + 15 (H — lig) 66 + 10
Cm,05(liq) - - 140 - - - - >2543

ions in the crystal, and an excess component, which is of
electronic origin:'?7#%

S° = Slat + Sexs- (9)

Sexs 18 zero for the lanthanide ions with empty (La, 4f0),
half-filled (Gd, 4f”) and completely filled (Lu, 4f'%) f sub-
shell and thus the lattice contribution can be derived from
the experimental data for the sesquioxides of those ele-
ments. From the results it is clear that the lattice entropy for
the lanthanide sesquioxides falls in two groups, the hexa-
gonal and monoclinic compounds in which the Ln coordina-
tion is sixfold, and the cubic compounds in which it is
eightfold. This trend has been used in this work to estimate
the values for those compounds for which experimental data
are missing. Figure 25 shows how the trend for the lantha-
nides has been extrapolated to the actinides, based on the
single experimental value for Pu,O3. A similar relation hold
for the heat capacity.

The trends in the enthalpies of formation are shown in
Fig. 26. We have plotted the hypothetical solution enthalpy
of the reaction (A, H°(298.15 K)),

M,0;(cr) + 6H" (aq) = 2M** (aq) + 3H,0(1),

which represents in part the difference between the lattice
enthalpy of the crystalline dioxide and the enthalpy of
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hydration of its ionic components. As it can be seen, the
results for the lanthanide sesquioxides fall into three
groups of isostructural compounds. The few results for the
actinides parallel the trend for the lanthanide sesquioxides
very well, irrespectively of the crystal structure, suggesting
that the reaction enthalpy is about 20-30 kJ mol ' less
negative than the corresponding lanthanide sesquioxides.
Morss et al.*>* suggested a relationship between the solu-
tion enthalpy of the above reaction and the molar volume
(Fig. 27). That correlation captured well the three crystal-
lographic groups of the lanthanide sesquioxides, but it did
not show a correlation between the lanthanides and acti-
nides, except for the B-type structure.

7.2.2. The crystalline dioxides

The melting point of the actinide dioxides have been
revisited by Manara ez al.”’'****!3 recently. These authors
have shown that, due to the high oxygen potential of these
compounds at temperatures close to melting, their observed
melting/freezing behavior is not independent of the atmo-
sphere in which fusion and solidification occur. Taking into
account this important aspect, the trend established with
these new data is shown in Fig. 28. It shows a strong
decrease from ThO, to UO,, after which the melting tem-
perature decreases further in a moderate way. The absence
of data for the melting of PaO, make it difficult the establish
the trend in a more reliable way. A similar trend is observed



THERMODYNAMIC PROPERTIES OF LANTHANIDE AND ACTINIDE OXIDE COMPOUNDS 013101-85

TaBLE 89. Selected thermodynamic data of the gaseous lanthanide and actinide oxides

C/l K 'mol '=A+BT+CT>+DT’ +ET ’

ArH(298.15) §°(298.15) Temperature

Phase kJ mol ™! J K 'mol™! A B C D E range (K)
LaO(g) —119+8 239.594 + 0.03 28.0550 21.9688 x 1072 —1.925691 x 107> 6.083418 x 107° —1.145313 x 10° 298-1200
41.7593 —6.82858 x 10 3.529957 x 10~° —2.81197 x 10°"° —1.500459 x 10° 1200-4000

CeO(g) —132+38 246.099 + 0.10 22.01944 55.5050 x 1073 —4.314095 x 107> 1.089494 x 1078 —4.23189 x 10* 298-1300
62.79967 —1.753953 x 102 5431417 x 10°° —4.87485 x 10 ¢ —4.947446 x 10° 1300-4000

CeOx(g) —538 £ 20 274417 £ 3.0 37.7646 55.1209 x 1072 —57.1816 x 107° 21.2692 x 10~° —2.6077 x 10° 298-900
55.9864 290431 x 1073 —1.4361 x 10°° 0.25254 x 1077 —~1.11908 x 10° 9004000

PrO(g) —1455+ 8 244367 + 0.05 22.98903 20.3103 x 1072 2.02961 x 10~° —1.46500 x 10~* 272239 x 10° 298-1200
84.67666 —2.85857 x 1072 8.73036 x 10°° —8.4566 x 10717 —1.44324 % 107 1200-4000

NdO(g) —120 + 8 242.817 + 0.05 —9.80368 1.88146 x 107" —~1.90285 x 10~ 6.23079 x 10~* 5.70945 x 10° 298-1100
57.65812 —9.784651 x 1073 276479 x 10°° —2.18778 x 107 1° 442849 x 10° 11004000

PmO(g) —145 + 50 246.519 + 2.0 31.6417 3.86653 x 1072 —-3.03021 x 107> 8.45852 x 1077 —2.08747 x 10° 298-1100
50.9578 1.31663 x 10~° —1.57622 x 10°°© 2.82026 x 10710 —2.75930 x 10° 1100-4000

SmO(g) —1053 +8 246.592 + 0.10 28.65158 458171 x 1072 —3.44081 x 10> 7.99213 x 10~° —4.99673 x 10* 2981400
70.5862 —2.02158 x 102 4.6805 x 10°° —2.43006 x 10~"° —6.91999 x 10° 1400-4000

EuO(g) —56.5+ 8 253.419 + 0.10 33.8838 7.70507 x 1073 —7.38219 x 107© 3.41476 x 1077 —2.52934 % 10° 298-1700
—79.4911 9.34647 x 102 —2.23194 x 10> 1.8699 x 10~ 5.2756 x 107 17004000

GdO(g) —68.0 + 8 253.495 + 0.03 21.26451 4.09137 x 1072 —3.01655 x 10~° 7.50616 x 10~° 6.83276 x 10* 298-1300
51.77714 —1.00325 x 102 257810 x 10°° —1.11668 x 10~° —4.8038 x 10° 13004000

TbO(g) —84.7 + 10 245758 + 0.10 30.97785 3.25225 x 1072 —1.96568 x 10~° 4.14576 x 107° —1.18135 x 10* 298-1400
64.48191 —8.31957 x 1072 8.83659 x 1077 2.70508 x 10" —1.04723 x 107 1400-4000

DyO(g) —71+20 242208 + 0.10 19.08366 6.17856 x 1072 —3.7479 x 10~° 7.29509 x 10~° 2.19805 x 10* 298-1300
68.49712 —~1.13191 x 102 1.99999 x 10~© —4.18797 x 10~ —8.39005 x 10° 1300-4000

HoO(g) —~57.8 + 10 244590 + 0.10 4831232 7.68332 % 1072 —~1.55715 x 10~* 7.69567 x 10~° —1.57926 x 10° 298-900
43.11154 —5.49748 x 107° 3.07490 x 10~° —~3.50566 x 1010 411955 x 10° 9004000

ErO(g) -329+38 256.473 + 0.10 4323815 —4.71231 x 1073 571735 x 1077 7.47515 x 10710 —2.55285 x 10° 298-1300
33.60868 3.85434 x 107° —3.82306 x 1077 4.64068 x 107" 2.52559 x 10° 1300-4000

TmO(g) —13.6+8 255.041 + 0.15 37.63499 406981 x 1072 —2.78859 x 10~° 9.67411 x 10~"° —6.69507 x 10* 2981700
39.61651 —~5.40323 x 10°* 1.26385 x 10°° —1.43823 x 10710 —1.21233 x 10° 1700-4000

YbO(g) —16 + 10 238.521 + 0.10 37.70801 4.85496 x 1072 —6.84668 x 107> 3.05227 x 1078 —~7.73176 x 10° 298-1000
32.77497 173649 x 102 —5.08804 x 10°° 5.03717 x 10~"° 1.98479 x 10° 1000-4000

LuO(g) —3.4+ 10 242,089 + 0.03 2820132 2.04184 x 1072 ~1.65159 x 107> 471909 x 10~° —~1.1965 x 10° 298-1300
40.19679 —7.58989 x 10~* —6.23484 x 1077 273798 x 10~'° —2.75040 x 10° 1300-4000

AcO(g) —193 + 20 245.545 4 5.0 26.7681 26.00447 x 1072 —24.23966 x 10° 8.10964 x 1077 —0.83961 x 10° 298-1100
47.1310 —13.09869 x 10~* 6.02184 x 10°° —0.628330 x 1077 —2.91011 x 10° 11004000

ThO,(g) —435.6 + 12.6 285.233 + 2.0 36.83878 55.95391 x 1073 —56.33462 x 10°° 20.31019 x 10~° —1.94049 x 10° 298-900
56.72155 2.163537 x 1073 —1.189606 x 10~° 0.227498 x 107~ —1.407937 x 10° 900-4000

ThO(g) —21.5+5.0 240.071 £ 0.03 30.10768 139388 x 1072 —1.15407 x 107° 4.92964 x 10~° —1.86435 x 10° 298-1500
—~13.55069 4.45401 x 1072 —8.99062 x 10~° 5.83589 x 10710 1.48587 x 107 1500-4000

PaO,(g) —514.0 + 30 279711 + 5 35.4855 69.7567 x 107> —71.6190 x 10~° 27.8213 x 1077 —0.58791 x 10° 298-900
57.8335 4.88325 x 1073 6.76950 x 10~* —~1.07986 x 10~ 1° —1.40951 x 10° 9004000

PaO(g) 8 4 30 250.778 + 10 2273634 1.80345 x 1072 2.8825 x 1073 —2.01289 x 10~* 2.78485 x 10° 298-1100
84.42095 —2.90423 x 1072 8.96146 x 10~° —8.76655 x 10710 —1.36244 x 107 1100-4000

UOs5(g) —795.0 + 10 310.648 + 3 46.69199 94.6942 x 1073 —94.91701 x 10°° 34.1585 x 107 —2.793843 x 10° 298-900
81.70962 2.009478 x 1073 —1.110505 x 10°° 0.2162739 x 10~ —2.580355 x 10° 900-4000

UO,(g) —462.1 + 12 277.027 + 3 4435744 37.6358 x 1072 —23.15563 x 107° 5.50268 x 1077 —0.7485093 x 10° 298-900
59.57586 5392403 x 1073 0.09463181 x 107°  —0.1028723 x 10~° —6.319451 x 10° 900-4000

UO(g) 214+ 10 252137 + 1.0 38.48092 3.30187 x 1072 —4.04519 x 107° 1.47496 x 1078 —5.15534 x 10° 298-1300
50.04939 —1.81106 x 102 123772 % 102 —1.71438 x 1077 2.50947 x 10° 1300-4000

NpO,(2) —457 + 20 269.892 + 6 56.33269 40.03943 x 1073 —54.97771 x 10°°© 23.02883 x 10~° —7.32805 x 10° 298-1000
68.29804 —9.034032 x 1073 5459315 x 10°° —0.6628476 x 10~° —3.700337 x 10° 10004000

NpO(g) —~16.6 + 10 253.060 + 4 40.73102 5.06903 x 1072 5.58835 x 10°° —3.26062 x 10~° —3.95105 x 10° 298-1400
53.06105 144612 x 1073 —1.95684 x 10° 3.62588 x 107 '° —5.12159 x 10° 1400-4000

PuO;(g) —567.6 + 15 319.450 + 4 52.89593 75.46988 x 107> —71.42497 x 107° 25.87474 x 107° —3.753825 x 10° 298-900
76.50587 8.903191 x 1073 —1.504422 x 107° 0.07709618 x 10~ —16.13944 x 10° 9004000

PuO,(g) —428 + 20 278741 + 5 70.29021 —13.46001 x 1073 9.065878 x 107° —1.403447 x 107° —4.810746 x 10° 298-1500
49.85911 11.46596 x 1073 —1.472281 x 107° —8.55574 x 1077 41.20745 x 10° 1500-4000

PuO(g) —51.7+ 15 252.254 + 3 25.39529 5.42560 x 102 —3.62549 x 10> 6.47005 x 102 3.72127 x 10* 2981200
78.23663 —2.73687 x 1072 6.77906 x 10~° —4.40726 x 10710 —7.04572 x 10° 1200-4000

AmOs(g) —514.0 + 30 279.464 + 6 52.7906 26.0768 x 1072 —27.1648 x 107° 10.2293 x 10~° —3.3759 x 10° 298-1000
54.4906 7.17462 x 1073 —1.46280 x 10°° +0.13147 x 107° 1.2604 x 10° 1000-4000

AmO(g) —15+50 259.105 + 5 3431966 6.13074 x 1072 —6.40603 x 10°° 4.00456 x 1077 —2.68922 x 10° 298-1500
—85.66885 1.11574 x 10~ —3.02584 x 10~° 2.82855 x 1077 435180 x 107 15004000

CmO(g) —75.4 + 20 259.071 + 5 26.15923 230665 x 1072 —~1.18949 x 107> 1.83564 x 107 —3.50044 x 10* 298-1200
46.16751 —3.81910 x 107 473867 x 1077 1.60603 x 10~° —3.86840 x 10° 1200-4000
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Fi. 23. The polymorphism of Ln,O3 (open symbols) and An,O3 (closed
symbols) compounds expressed as ionic radius versus temperature. The
lines are based on the transition temperatures in the lanthanide series (see
Fig. 4).

in other properties of the actinide dioxides, for example the
enthalpy of sublimation, which is a good measure for the
cohesion energy in the crystalline lattice, shown also in the
figure. It suggests a notable influence of the 5f electrons on
the bonding. In the lanthanide series, only the melting point
of CeO, is known, which is substantially lower than the
value of ThO,. Although it is somewhat speculative, this is
consistent with the much lower enthalpy of sublimation
compared to the actinide dioxides.

The trend in the standard entropies of the actinide dioxides is
shown in Fig. 29, which has served as a basis for estimating the
values for actinide and lanthanide dioxides for which no
experimental data are existing. As is the case for the sesqui-
oxides, the trend in the dioxides can be well described by Eq.
(9), estimating the lattice from the measured compounds, in
absence of experimental data for the 5f compound (CmO,).
Again, in the lanthanide series only the entropy of CeO, has
been measured.

The trend in the enthalpy of formation of the solid
dioxides has been evaluated from the hypothetical solution
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

FiG. 24. The standard entropy S°(298.15 K) of the lanthanide sesquioxides; m
the lattice entropies derived from experimental studies; [] values calculated
from the lattice, represented by the dashed lines, and excess entropy as
explained in the text; o and & the experimental values from the hexagonal/
monoclinic and cubic compounds, respectively.

J. Phys. Chem. Ref, Data, Vol. 43, No. 1, 2014

KONINGS ET AL.

180

) é\é} T T il
) H i

_E 160 |
v I \ 7
S U R Vi |
o L - ]
= 120 R |
: 7 BT ——

100 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

FiG. 25. The standard entropy S°(298.15 K) of the actinide sesquioxides; m the
lattice entropies derived from experimental studies; [] experimental value for
Pu,03; H estimated values from the lattice and excess entropy as explained in
the text.

enthalpy of the reaction
MO, (cr) + 4H" (aq) = M*"(aq) + 2H,0O(1).

As shown in Fig. 30, the trend for this quantity in the
actinide series is quite regular, showing a slightly deviating
value for NpO,. The values for the three lanthanide dioxides
indicate also a negative slope, but less than the actinides.
Morss and Fuger**' used a different approach by correlating
the hypothetical solution enthalpy to the molar volume, as
shown in Fig. 31. In this case the lanthanide and actinide
dioxides plot almost on a straight line, with the exception of
TbO, that deviates significantly. Morss and Fuger**' sug-
gested this may be due to an erroneous value of the enthalpy
of formation of Tb*'(aq), but this remains speculative.

7.2.3. The gaseous monoxides

The bond distances of LnO and AnO molecules are
compared in Fig. 32. Those of the LnO molecules are mostly
experimental data derived from rotationally resolved elec-
tronic spectra. In the AnO series only the bond distances of
ThO and UO have been determined experimentally (derived
similarly from electronic spectra), while the others were
taken from the theoretical study of Kovacs et al.,*”® except
AcO, which was calculated at the same level of theory in the
present study. The theoretical level used in the latter study
(B3LYP/small-core relativistic pseudopotentials for the

Pu Am Cm Bk Cf
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FiG. 26. The enthalpy of the hypothetical solution reaction for the lanthanide
(open symbols) and actinide (closed symbols) sesquioxides, indicating the
different structures (A-type, [J; B-type, A\; C-type, 0).
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Fic. 27. The enthalpy of the hypothetical solution reaction for the
lanthanide (open symbols) and actinide (closed symbols) sesquioxides
as a function of the molar volume, indicating the different structures
(A-type, [1; B-type, A\; C-type, 0).

actinides) gave bond distances in excellent agreement
(within 0.7 pm) with the experimental data of ThO and
UO. A similar reliability may be expected for the other
actinide monoxides.

Both the LnO and AnO curves show a double-well shape
with some distinct differences. These differences can be
attributed to some special features in the electronic structures
of the concerned molecules. The very long bond distance in
AcO is in agreement with the covalent radii of Ac larger by
about 1 pm with respect to that of Th.>”' According to our
present population analysis the explanation of the longer bond
of AcO may mainly be related to the unpaired 7s electron
requiring larger space than the closed 7s subshell in ThO and
PaO. On the other hand, in test computations of LaO, CeO, and
PrO we observed an open 7s' subshell.

The considerably longer bonds toward the end of the
actinide row in FmO, MdO, and NoO have been ascribed to
substantial population of antibonding orbitals in these mole-
cules.*”® These antibonding orbitals consist of 5f An and 2p
O atomic orbitals. Such low-energy antibonding orbitals
are not present in the LnO molecules due to the core-like
nature of 4f electrons. Therefore the partly filled 4f orbitals
have no substantial influence on the bond distance of LnO
molecules.
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Fic. 28. The melting temperature ([], m) and the enthalpies of sublimation
(0,e) of the actinide (open symbols) and lanthanide (closed symbols) dioxides.
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Fic. 29. The standard entropy S°(298.15 K) of the actinide dioxides; m the
lattice entropies derived from experimental studies. The experimental value of
Ce0, is also shown (e).

Population analysis shows that the bonding in EuO is
significantly different from the other LnO molecules. While
in those other LnO molecules the 4f orbitals have a core-like
character (being lower-energy, not mixing with O orbitals
and with each other), in EuO the 4f orbitals participate in the
bonding orbitals with 2p orbitals of O, and even the non-
bonding 4f orbitals are also high-energy (higher than the
bonding orbitals). Hence they do not have a core-character
in Eu.

The dissociation energy of the lanthanide and actinide
monoxides are plotted in Fig. 33. The trends for the two
series are very similar. It is generally accepted that this trend
can be described by a base energy D, and an excess energy
AE*90-261:582 arising from the promotion energy from the
ground state of the metal to the bonding state in the
molecule.

7.3. Recommendations for further research

Our review has shown that the thermodynamic proper-
ties of the lanthanide sesquioxides are well established in
the low to medium temperature range (up to about
2000 K). At high temperature, still large uncertainty exists
about the properties of the H, X, and liquid phases. This is
still terra incognita and is a challenging topic for further
research. Additionally, the thermodynamic properties of
the intermediate oxides of general formula Ln,O,, that
occur in several of the Ln-O systems, are still poorly
known.
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Fic. 30. The enthalpy of formation of the lanthanide(m) and actinide ([])
dioxides.
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FiG. 31. The enthalpy of formation of the actinide dioxides as a function of
molar volume.
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Fic. 32. The interatomic bond distance of the lanthanide (e) and actinide (o)
gaseous monoxides.

For the actinide oxides the situation is somewhat differ-
ent, also because the issue of radioactivity comes into play.
The thermodynamic properties of the crystalline dioxides of
the major actinides (ThO,, UO,, and PuO,) are also well
established, even at very high temperatures, though further
studies of the liquid phase would be welcomed. The proper-
ties of the crystalline oxides of the minor actinides (Np, Am,
Cm) are still poorly known, which is in part due to their
highly radioactive nature. Some progress has been made in
recent years, making use of measuring techniques suitable
for small quantities, but also for these compounds high
temperature studies are highly needed. Their properties are
mainly based on estimation methods that need further
validation. The other actinide oxides are hardly studied,
and this will probably not change. Improvement for these
compounds must be the result of better understanding of the
trends in the actinide series.
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Fic. 33. The dissociation enthalpy of the lanthanide (o) and actinide ([])
gaseous monoxides.
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