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BaTh(PO4)2 has been synthesized by a wet chemistry route
and the new isotype BaNp(PO4)2 by solid-state reaction. Al-
though the former has been the subject of several studies
since the early 1980s, the crystal structures of both com-
pounds are reported here for the first time. Rietveld analysis
shows Ba layers alternating with An(PO4)2 slabs along the a

Introduction

MIIM�IV(PO4)2 double phosphates have been intensively
studied during the past two decades for applications includ-
ing catalysts, ion conductors,[1] UV-emitting X-ray phos-
phors,[2] and also as potential host matrices for minor actin-
ide immobilization.[3–4] Two main structural families can be
distinguished, depending on the size of the cations. The yav-
apaiite family, from the archetype KFe(SO4)2 (monoclinic,
C2/m),[5] comprises double phosphates made of layers of
MII cations in eight- or tenfold coordination substituted for
KI, alternating with dense slabs of M�IVO6 octahedra and
PVO4 tetrahedra, replacing the FeIIIO6 and SVIO4 units,
respectively. It is typical of compounds in which the MII

and M�IV cations are different enough in size to build spe-
cific environments, like in BaZr(PO4)2.[1,6] In contrast, the
cheralite structure (formerly known as brabantite), isotypic
with the CeIIIPO4 monazite,[7] only hosts MII and M�IV cat-
ions similar in size with the light lanthanides, thus allowing
them to occupy the same ninefold polyhedron in a disor-
dered array. Because of the steric compatibility of tetra-
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axis. Although those compounds are isostructural to
RbEu(SO4)2, these phosphates can be seen as modified yava-
paiite derivatives with increased coordination numbers for
Ba (XIV) and Th/Np (VIII). Raman and electron absorption
spectra highlight the similarities and differences with chemi-
cally related compounds.

valent actinides with large divalent cations, most of the
MIIAnIV(PO4)2 double phosphates discovered to date be-
long to this family.[8] In particular, CaTh(PO4)2 has at-
tracted considerable interest for its ability to substitute tet-
ravalent actinides (UIV,[9] NpIV,[10,11] and PuIV to a lesser
extent[12]) by ThIV while keeping the remarkable ther-
mal[13,14] and chemical[15–23] durability of the monazite
structure. For these reasons, monazite–cheralite ceramics
figure among the most serious candidates for long-term im-
mobilization of nuclear waste containing minor actin-
ides.[24–28]

Two steric criteria of existence have been proposed by
Podor et al. for cheralites:[29] the mean radius [r(MII) +
rM�IV)]/2[30] must be in the range of those of the monazite-
compatible lanthanides (LaIII to GdIII) and the critical
r(MII)/r(M�IV) ratio is between those of PbTh(PO4)2 (cher-
alite)[8] and SrU(PO4)2 (noncheralite).[31] In the global sur-
vey of the MIIM�IV(PO4)2 double phosphates proposed in
Figure 1, the domains corresponding to the different types
have been plotted on the basis of structural data available
in the literature. As opposed to the yavapaiite family, which
comprises numerous chemical combinations, the cheralites
appear limited by the narrowness of the steric criteria as
well as by the rareness of large tetravalent cations. Indeed,
all the known cheralites are actinide-based, but only cal-
cium appears compatible with ThIV, UIV, NpIV, and even
PuIV in limited amounts, thus making it the only divalent
cation eligible for forming a fully cheralite host matrix for
minor actinides.

Figure 1 also evidences several actinide compounds that
do not belong to any of these families. Although some of
them have already been synthesized, nothing is known
about their crystal chemistry, except for SrNp(PO4)2, which
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Figure 1. Presumed domains of existence of the main MIIM�IV(PO4)2 types with radii of cations in ninefold coordination (from Shannon’s
cationic radii, rc,[30] or extrapolated). The yavapaiite domain includes typical C2/m compounds and various derivatives. The unclassified
compounds (black circles) belong to different families.

has been recently identified as an ordered derivative of cher-
alite.[32] Several authors[8,33–36] have reported the existence
of BaTh(PO4)2, but its study and that of its derivatives is
impeded by a complete lack of structural data. Even
hypotheses concerning its crystal cell are divergent.

Considering the interest of this compound for both the
fundamental chemistry of actinides and potential nuclear
applications, we report here the synthesis and the first struc-
tural analysis of BaTh(PO4)2 (BTP) and the newly synthe-
sized compound BaNp(PO4)2 (BNP).

Results and Discussion

The diffraction patterns of the two compounds are very
similar. No isotype could be found among the known phos-
phates, but an excellent matching appeared between the dif-
fraction patterns of BNP and RbEu(SO4)2,[37] consistent
with the matching cationic radii between the two com-
pounds.[8] The cell parameters and atomic positions were
refined by Rietveld analysis.[38] The parameters and posi-
tions of the isotype were taken as a starting structural
model (Figure 2). Anisotropic thermal factors were used for
the heavy atoms (Ba, Th, Np), while those (isotropic) of
the four independent oxygen atoms were treated as a single
variable. Soft constraints were applied on the P–O dis-
tances. Main refinement parameters are reported in Table 1,
atomic positions are presented in Table 2, and cation–anion
distances are listed in Table 3. Ba and Th/Np occupy special
positions, an inversion center and a twofold axis, respec-
tively.
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Figure 2. Final Rietveld plot for BaTh(PO4)2. Dots indicate ob-
served intensities; the upper plot is calculated, and the lower plot
shows the difference; the bars indicate the Bragg positions.

The BTP structure (Figure 3, left) is made of (100) layers
of BaO14 polyhedra alternating with dense slabs of Th/
NpO8 square-based antiprisms (Figure 4) and PO4 tetrahe-
dra. The uncommon BaO14 units are distorted elongated
hexagonal bipyramids (Figure 5) with short Ba–O3 bonds
along the pseudo-senary axis. The BTP array is not unlike
the stacking of BaII (001) layers and Zr(PO4)2 slabs in the
two yavapaiite varieties of BaZr(PO4)2 [α with BaO10

[1]

(Figure 3, right) or β with BaO12
[6] polyhedra].

To highlight the structural relationships, a would-be
transition from yavapaiite to BTP could be thought of as
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Table 1. Details of data collection, refinement conditions, and crys-
tallographic data for BaTh(PO4)2 and BaNp(PO4)2.

BaTh(PO4)2 BaNp(PO4)2

Temperature (K) 293
Diffractometer Siemens D8
Scan mode Bragg–Brentano
Anode Cu-Kα (40 kV, 40 mA)
Monochromator Ge (111)
Detector LynxEye
Scan range (°) 12.00�2θ �130.00
Step (°), total time (h) 0.0092, 36
Reflections measured 634 655
Profile (model) 11 (pseudo-Voigt)
Intensity depdt. params. 29

Conventional reliability factors

RP 0.038 0.037
RwP 0.055 0.052
Rexp. 0.021 0.041
χ2 7.9 5.8
RBragg 0.029 0.036
Space group, system C2/c (15), monoclinic
a (Å) 12.8053(7) 12.6937(6)
b (Å) 5.4400(3) 5.3641(3)
c (Å) 9.4636(5) 9.4139(5)
β (°) 102.247(3) 102.511(2)
Volume (Å3) 644.2(1) 625.8(1)
Z 4
Calcd. density (gcm–3) 4.79 4.98

Table 2. Atomic positions and thermal parameters for BaTh-
(PO4)2 and BaNp(PO4)2.

x y z Biso (Å2)[a] Site

Ba 1/4 1/4 0 0.88(3) 4c
0.87(2)

Th/Np 0 0.1785(1) 1/4 0.50(1) 4e
0.1754(1) 0.45(1)

P 0.0919(1) 0.7351(3) 0.1111(1) 0.33(8) 8f
0.0891(1) 0.7373(3) 0.1124(1) 0.54(6)

O1 0.1571(5) 0.936(1) 0.2052(7) 1.0(1) 8f
0.1526(3) 0.9469(8) 0.2058(6) 0.21(7)

O2 0.1159(6) 0.4823(7) 0.1839(7) id. 8f
0.1064(4) 0.4781(6) 0.1833(6)

O3 –0.0269(2) 0.805(1) 0.0858(7) id. 8f
–0.0296(2) 0.813(1) 0.0887(6)

O4 0.1264(4) 0.724(1) –0.0351(3) id. 8f
0.1212(3) 0.717(1) –0.0357(3)

[a] Beq for Ba, Th, and Np.

follows: the two PO4 tetrahedra turn into the slabs to share
an edge with the tetravalent cation, increasing its coordina-
tion number from six to eight. Thus, the slab polyhedra
increase their oxygen sharing (edges instead of vertices and
faces instead of edges) with the interslab BaII cations. In
turn, the BaII coordination number increases to fourteen.
This also alternates shifts of the slabs perpendicular to the
stacking axis and doubles the corresponding cell parameter.
Actually, such a transition is likely to occur under high
pressure. A BTP form could also change into an α or β
yavapaiite at high temperature by the inverse process. Such
phenomena have not yet been observed. In particular, the
differential thermal analysis (DTA) did not show any phase
transition for BTP between room temperature and 1250 °C.
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Table 3. Selected interatomic distances (Å) for BaTh(PO4)2 and
BaNp(PO4)2; bond valences are calculated by using Brown’s pa-
rameters.[39]

BaTh(PO4)2 BaNp(PO4)2

Ba–O1 2 � 2.970(5) 2.972(5)
Ba–O1 2 � 3.012(6) 2.994(5)
Ba–O2 2 � 2.973(7) 3.027(6)
Ba–O2 2 � 3.440(6) 3.462(5)
Ba–O3 2 � 2.815(2) 2.761(3)
Ba–O4 2 � 3.005(6) 2.972(5)
Ba–O4 2 � 3.255(6) 3.273(5)
Bond valence sum 1.90 1.96
Th/Np–O1 2� 2.514(5) 2.404(4)
Th/Np–O2 2 � 2.393(6) 2.285(5)
Th/Np–O3 2� 2.536(6) 2.447(6)
Th/Np–O4 2� 2.376(4) 2.329(3)
Bond valence sum 3.74 3.91
P–O1 1.541(5) 1.543(5)
P–O2 1.540(4) 1.537(4)
P–O3 1.537(3) 1.528(3)
P–O4 1.540(4) 1.539(4)
Bond valence sum 4.76 4.80

Figure 3. A comparison between the crystal structures of
BaTh(PO4)2 (left) and α-BaZr(PO4)2 (right).

Figure 4. The ThO8 square-based antiprism in BTP on the twofold
axis.

Nonetheless, high-temperature and high-pressure experi-
ments on BTP and BaZr(PO4)2 are in progress to check this
hypothesis.
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Figure 5. The centrosymmetric BaO14 polyhedron in BTP, observed
along the pseudo-senary axis.

The high ratio between the ionic radii of the divalent and
tetravalent cations in BTP and BNP results in the ordering
of these cations into well-differentiated, fourteen- and eight-
coordinate BaO14/NpO8 and BaO14/ThO8 entities, respec-
tively. This makes these compounds clearly different from
the cheralite-like structures CaNp(PO4)2 (CNP) and
SrNp(PO4)2 (SNP), containing nine-, ten-, and eight-coor-
dinate CaO9/NpO9 and SrO10/NpO8 entities, respec-
tively.[6,32] These structural differences are also expressed in
the IR and Raman spectra, which are sensitive to both the
short- and long-range structures. The most obvious differ-
ences, however, are seen for the PO4

3– stretching (νs, νas)
and bending (δs, δas) bands, which differ in number, posi-
tion, and splitting (Figure 6a,b). The fact that these bands
are rather sharp is consistent with the relatively small tetra-
hedral distortion of the PO4

3– ions, although the range of
the P–O bond lengths is somewhat larger for BNP and SNP
than for BTP (1.528–1.543, 1.542–1.564, and 1.537–
1.541 Å, respectively). Consequently, the appreciably
broader bands of CNP were attributed to the relatively dis-
torted geometry of the phosphate ions (P–O 1.524–
1.564 Å).[32] Although the IR and Raman spectra of BNP
and SNP are quite different, their electronic absorption
spectra are similar (Figure 7). This is reasonable, as the lat-
ter spectra monitor the Np4+ (5f3) electronic transitions,
which are modulated by the NpO8 crystal fields.

In contrast to the XRD, infrared, and Raman data,
which clearly show that BTP and BNP are different from
the classical monazites, Orlova et al.[36] argued that BTP
indeed is a classical monazite at room temperature but un-
dergoes several phase transitions at higher temperatures be-
tween 650 and 1550 °C (in disagreement with our DTA
data), whereas Montel et al.[35] suggested that BTP is a
“double monazite” (doubled a axis). Considering the diffi-
culties we met in obtaining BTP by the same (solid-state)
route as these authors, a plausible origin for these discrep-
ancies may be the different synthesis schemes used.

Since this new type of BaAn(PO4)2 phosphate is ther-
mally stable for AnIV = ThIV (rc = 1.19 Å, coord. VIII) and
NpIV (rc = 1.12 Å, coord. VIII), it could likely host UIV

(rc = 1.14 Å, coord. VIII); however, the synthesis of this
compound should take place under argon (purity 4.6) be-
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Figure 6. Room-temperature (a) IR and (b) Raman spectra of BNP,
BTP, and SNP.

Figure 7. Room-temperature Np4+ (5f3) electronic absorption spec-
tra of SNP and BNP.

cause of the tendency of UIV to oxidize into UVI in air.
Likewise, PuIV (rc = 1.10 Å, coord. VIII) could also fit, pro-
vided that it does not reduce into PuIII.

Recent studies concerning the thermal stability of
Th2O(PO4)2

[40] and α-Th4(PO4)4(P2O7)[41] showed that the
sevenfold coordination is too small for ThIV, whereas the
ninefold coordination of cheralite is too big for PuIV;[12,30]

therefore, the eightfold square-based antiprism could be an
ideal environment for the four actinide AnIV cations. For
instance, a continuous solid solution between the BTP-type
BaAnIV(PO4)2 double phosphates could be of interest as a
host matrix for the immobilization of uranium, plutonium,
and minor actinides.
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The classification proposed in Figure 1, despite being in-

complete, suggests that there are several Sr and Pb com-
pounds of different types in the intermediate zone between
yavapaiites and cheralites. SrNp(PO4)2 shows differentiated
SrO10 and NpO8 polyhedra, which also build a layered ar-
ray,[32] but it is more closely related to cheralite than to
yavapaiite. Little is known about SrU(PO4)2, reported by
Kitaev et al.[31] as a cheralite with “additional reflections
of impurity phases” even after prolonged heating (800 °C,
400 h), but this compound could be related to SrNp(PO4)2.
At last, recently discovered SrSn(PO4)2 (space group C2/c)
appears as a distorted modification of yavapaiite,[42] while
SrZr(PO4)2 (P1̄) is considered by its discoverers as “proba-
bly isostructural with yavapaiite”,[43] but in PbSn(PO4)2, the
6s2 lone pair affects strongly the PbII polyhedron, thus re-
sulting in a unique structure.[44] Having in mind the almost
identical ionic radii of the heaviest alkaline earth barium
and radium,[30] one could predict that the radium-contain-
ing counterparts, RaAn(PO4)2, would adopt a similar lay-
ered structure as those of BTP and BNP.

Conclusions

The title compounds reveal a new family of double phos-
phates, clearly different from the cheralite to which BTP
had been associated by previous authors, but rather related
to yavapaiite. Further experiments will be carried out on
the uranium and plutonium counterparts to ascertain the
structural homogeneity of the BaAnIV(PO4)2 family, which
could be of interest for the synthesis of solid solutions such
as host matrices for minor actinides. BTP and BNP also
exhibit good thermal stability, which encourages the mea-
surement of some thermochemical parameters associated to
durability aspects, such as solubility. From a purely theoret-
ical point of view, the search for possible phase transitions
between BTP-type compounds and yavapaiites also appears
as an interesting topic.

Experimental Section
Syntheses

We first tried to synthesize BTP by solid-state reaction, by heating
ground mixtures of Th3(CO3)4 (Prolabo, 99.5%), BaCO3 (Prolabo,
99.5%), and NH4H2PO4 (Sigma–Aldrich, 99%) at various tem-
peratures between 1000 and 1300 °C. These powders showed sig-
nificant residual diffraction peaks of ThO2 and Th4(PO4)4(P2O7),
both known for their high thermal stability. Therefore, an alterna-
tive wet process was explored by mixing aqueous solutions of
Th(NO3)4·5H2O (Sigma–Aldrich, 99%), Ba(NO3)2 (Prolabo,
99.5%), and NH4H2PO4 (Sigma–Aldrich, 99%). The resulting gel
was dehydrated at 120 °C in a stove, then heated slowly (10 °Ch–1)
to 600 °C to avoid the loss of P2O5 during denitration. The sample
was then annealed for 3� 24 h at 1250 °C with intermediate grind-
ing, which yielded a white powder with only faint (I �1.5 % Imax)
unidentified impurity diffraction peaks.

BNP was synthesized by a dry route in the specifically designed
glove boxes for radioactive materials operating under nitrogen at
the Institute for Transuranium Elements (Karlsruhe). Reactor
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grade 237NpO2 (24.2 mg) was heated for 3 h at 886 °C under an
atmosphere of air in order to eliminate surface water, carbon diox-
ide, etc. It was then mixed and ground with BaCO3 (Merck, stoi-
chiometric amount) and (NH4)2HPO4 (Alfa Aesar, 5% excess) in
an agate mortar, then heated in an alumina crucible for 10 h at
1108 °C under argon (purity 4.6, heating and cooling rates of
200 °Ch–1). After regrinding, a second thermal treatment was ap-
plied for 10 h at 1212 °C (same rate and atmosphere).

X-ray Diffraction: Acquisition parameters are reported in Table 1.
To reduce the background, a silicon wafer was used as holder for
the sample (about 50 mg).

Differential Thermal Analysis: DTA was performed in air with a
Setaram 92 analyzer at a 300 °Ch–1 heating rate.

IR Spectra: IR spectra of BaNp(PO4)2 (BNP) and BaTh(PO4)2

(BTP) were recorded with a Perkin–Elmer 2000 FTIR spectropho-
tometer at room temperature. The samples were diluted in KBr or
polyethylene and pressed to tablets for recording mid- or far-infra-
red spectra, respectively.

Raman Spectra: Raman spectra of BNP and BTP powders were
measured at room temperature by using a Bruker Senterra disper-
sive Raman microscope at 532 nm and 20 mW at a spectral resolu-
tion of 4 cm–1. For each compound, five spectra were averaged and
background correction was performed with the OPUS software
from Bruker.

Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository number
CSD-421964 for BNP and CSD-421965 for BTP.
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