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Abstract

The chemistry and crystal structure of phosphates of tetravalent cations, including that of actinides was reviewed several times up

to 1985. Later, new compounds were synthesized and characterized. In more recent studies, it was found that some of previously

reported phases, especially those of thorium, uranium and neptunium, were wrongly identified. In the light of these new facts an

update review and classification of the tetravalent actinide phosphates is proposed in the two parts of this paper. Their crystal

structure and some chemical properties are also compared to non-actinide cation phosphates.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The phosphates of two actinides, i.e., of thorium and
uranium (IV) as well as of such tetravalent cations like
Sn4+, Ti4+ or Zr4+ were synthesized in the end of the
19th century. However, the real interest in this subject
began since the 1950s and the literature in this field is
very rich. Several authors published reviews concerning
the chemistry of this kind of phosphates. A monograph
on tetravalent element phosphates was published in
1972 by Tananaev [1], a chemistry of phosphates by
Averbuch-Pouchot and Durif in 1994 [2], chemistry of
condensed phosphates by Durif in 1995 [3] and the
chemistry of actinide phosphates by Keller in 1972 [4]
and Bamberger in 1985 [5].
Numerous phosphates of tetravalent cations, with

various compositions were synthesized, but chemical
formulae of the final products were often estimated
taking into account the initial mole ratio of the reagents.
Indeed, because of the very low solubility of the
phosphates considered (even in strong and concentrated
e front matter r 2004 Elsevier Inc. All rights reserved.
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acids), their compositions were not reachable using
conventional analytical methods. Later, this problem
was resolved by means of non-destructive methods of
analysis like Electron Probe Micro Analysis (EPMA) or
Particle Induced X-ray Emission (PIXE), etc. The
characterization of new compounds or the reexamina-
tion of the known ones is supported now using various
physico-chemical methods.
The classification of tetravalent cation phosphates is

usually based on the P:M4+ mole ratio. However, in this
case, some difficulties are emerging because the same
empirical composition can be often presented with
different functional groups like: M(OH)PO4 and
(MO)HPO4 or M2O(PO4)2 and (MO)2P2O7. Other
problems come out when the formulae of the com-
pounds are given in the oxide form, e. g. pMO2 � qP2O5,
mM2O, pMO2 � qP2O5, pMO2 � qP2O5 � nH2O. Some-
times, this kind of formulae may be presented taking
into account functional groups (1). For example, the
oxide form formula 2TiO2 �P2O5 � 3H2O can be written
as Ti(OH)PO4 �H2O or (TiO)HPO4 �H2O. In such a
case, it is necessary to prove the existence of the Ti–O–H
or Ti=O and H–O–P bonds in the compound. These
problems can be solved by structural studies completed
by physico-chemical investigations.

www.elsevier.com/locate/jssc
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Tetravalent cation phosphates like other crystallized
inorganic solids are characterized first by means of XRD
techniques. Complementary investigations such as UV-
visible spectroscopy, vibration spectroscopy, XPS spec-
troscopy, NMR (31P for phosphates and/or 1H for
hydrated and hydrogenphosphates), etc., are usually
applied. These methods are very helpful because they
allow to ascertain as well the oxidation state of the
cation like U4+, Np4+, Pu4+ as the nature of different
forms of phosphates in the solids: HPO4

2�, PO4
3� or

condensed species P2O7
4�, (PO3)n

n. The most often used is
the infrared (IR) (particularly in the 4000–400 cm�1

region) and/or Raman spectroscopy.
In the last 10 years, new phosphate compounds

were obtained and characterized and the composition
of some others, previously published, was revised.
Thus, it was interesting to present these results in an
up to date review. In the two parts of this paper,
we review the chemistry of tetravalent actinide phos-
phates (Th, Pa, U, Np, Pu) in solid state. Their
properties are compared to the phosphates of
non-actinide tetravalent elements, mainly to Si, Sn, Pb,
Ti, Zr, Hf and Ce. A systematic, based on the
general framework formula [(Mh)m(A

q)p]
k (where

k=hm+pq), is also proposed. Three main families
of derivative compounds result from this general
formula:
Table 1

Families of tetravalent cation phosphates

Formula parameters Fram

m ¼ 1 k ¼ 0 [(M)

q ¼ �1 p ¼ 4

q ¼ �2 p ¼ 2

q ¼ �4 p ¼ 1

m ¼ 3 q ¼ �3 p ¼ 4

m ¼ 1 k40 [(M)

q ¼ �1 p ¼ 2

q ¼ �2 p ¼ 1

p ¼ 2

m ¼ p q ¼ �3

m ¼ 1

m ¼ 2

m ¼ 4

m ¼ 1 ko0 [(M)

q ¼ �3 p ¼ 2

p ¼ 3

p ¼ 4

p ¼ 6

m ¼ 2 q ¼ �3 p ¼ 3

With k=4m+pq.
�

ew

m(A

m(A

m(A
uncharged compounds for k ¼ 0;

�
 cationic framework if k40; where the charge must be
compensated by an anion [(Az)y]

yz (or both, anion and
cation);
�
 anionic framework if ko0; where the charge must be
compensated by a cation [(Mn)x]

nx.

Applied to tetravalent cations M4+ and various
phosphate anions Aq=H2PO4

�, HPO4
2�, PO4

3�, P2O7
4�,

PO3
�, the framework formula takes the [Mm(A

q)p]
k form

with k ¼ 4m þ pq and the following (combined) para-
meters:

q ¼ �1 to � 4; m ¼ 1 to 4; p ¼ 1 to 6

for theM4þ cation

and for charge compensation ions:

n ¼ 1; 2; x ¼ 1 to 14; y ¼ 1; 2; za� 3:

The three families of tetravalent cation phosphates
are presented in Table 1. For ko0; monovalent (n ¼ 1)
or divalent (n ¼ 2) cations M are taken into account as
compensation charge. When k40; the anion A ðz ¼

�1;�2;�4Þ may be either a simple (halogenide X� or
oxide O2�) or a complex one (e.g. hydroxide, perchlo-
rate, sulfate, silicate, etc.). Mixed actinide (IV) phos-
phates with n ¼ 4 or z ¼ �3 were not reported in the
literature up to now. No publication about phosphates
ork Phosphate formula Compensation ions

q)p]
k

M(H2PO4)4
M(PO3)4
M(HPO4)2
MP2O7
‘‘M3(PO4)4’’

q)p]
k

M(H2PO4)2A2 A=ClO4
M(HPO4)A A=SO4
M(HPO4)A2 A=H2PO4

MAPO4 A=X, A=OH

M2A(PO4)2 A=O, HPO4
A=SO4

M4(PO4)4A A=P2O7
A=SiO4

q)p]
k

M2M(PO4)2 M=M(I)

MM(PO4)2 M=M(II)

M5M(PO4)3 M=M(I)

M8M(PO4)4 M=M(I)

M14M(PO4)6 M=M(I)

M7M(PO4)6 M=M(II)

MM2(PO4)3 M=M(I)

M=0.5 M(II)
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of tetravalent transplutonium elements was found. Only
M(IV) phosphates of the uncharged framework are
described in the first part of this work.
2. Phosphates of uncharged framework: k=0,

[Mm(Aq)p]
k

To this family belong compounds with parameter
values equal to: m ¼ 1; p ¼ 1; 2, 4 and q=�1,�2,�4.
Four groups are mentioned in the literature (Table 1):
dihydrogenphosphates, hydrogenphosphates, two types
of condensed phosphates and the controversial phos-
phates M3(PO4)4 (q ¼ �3; p ¼ 4; m ¼ 3).

2.1. Dihydrogenphosphates M(H2PO4)4 (q=�1, p=4,

m=1)

This kind of compounds was rarely studied. A
plutonium compound of formula H4[Pu(HPO4)4] � nH2O
that may be also presented as a dihydrogenphosphate
Pu(H2PO4)4 � nH2O was described by Denotkina and
Shevchenko [6]. It was precipitated from a mixture of
plutonium (IV) solution with 1.2–1.6M phosphoric acid
in 2M nitric acid. The product is soluble in concentrated
nitric and hydrochloric acids but the ions are hydrolyzed
in water. No reference was found for other actinide (IV)
dihydrogenphosphates.
Besides the plutonium dihydrogenphosphate, silicon

and lead (IV) ones are reported, although presented in
different forms: H8[Si(PO4)4], H2[Pb(H2PO4)2(HPO4)2],
Pb(H2PO4)4. The first one, which formula can be also
written Si(H2PO4)4

, was prepared from silica gel and
phosphoric acid [7] while the two others (of the same
empiric formula) were obtained through electrochemical
method using lead electrodes in concentrated H3PO4 [8].
Heating of the lead tetra-acetate Pb(CH3COO)4 with
phosphoric acid is another way of synthesis of
H2[Pb(H2PO4)2(HPO4)2] [8]. The complex Pb(H2PO4)4 �
2H3PO4 was obtained in similar conditions [8].
Both, H8[Si(PO4)4] and Pb(H2PO4)4, are unstable in

water: the first one is hydrolyzed to phosphoric H3PO4
and silicic H4SiO4 � nH2O acids, while lead (IV) is
reduced into lead (II) in the second one. No information
was mentioned about the crystallized or amorphous
state of all these compounds and no particular applica-
tion was reported.

2.2. Polytrioxophosphates M(PO3)4 (q=�1, p=4, m=1)

This group of compounds (formerly called metapho-
sphates) should be considered as derivatives of dihy-
drogenphosphates leading through condensation to
some polytrioxophosphate as follows:

MðH2PO4Þ4 !MðPO3Þ4 þ 4H2O: (1)
However, no reference was found in the literature on
this method.
Thorium and uranium (IV) polytrioxophosphates

were obtained using various methods of synthesis: from
an anhydrous thorium salt (chloride, bromide, sulfate)
and polyphosphoric acid, by heating the gels obtained
by mixing thorium or uranium salts solutions with
phosphoric acid, etc. Both, Th(PO3)4 and U(PO3)4 are
polymorphous. Three crystal forms are mentioned:
orthorhombic [9–13], tetragonal [12] and triclinic [12]
for thorium compound and orthorhombic [9,12–15],
monoclinic [14] and triclinic [12] for uranium. Their unit
cell parameters are given in Table 2.
According to Burdese and Borlera, b-Th(PO3)4

(probably monoclinic form) is stable up to 750 1C then
transformed into the orthorhombic a-Th(PO3)4 at high-
er temperatures [10]. The transition between both phases
is irreversible. The uranium b-U(PO3)4 and a-U(PO3)4
polytrioxophosphates (temperature of transition 810 1C)
are analogous with the thorium ones. The orthorhombic
U(PO3)4 was prepared by heating UO2 with polypho-
sphoric acid [9]. These authors also reported the
formation of a series of a-thorium–uranium polytriox-
ophosphate solid solutions [10].
Baskin [14] indexed the two forms of uranium (IV)

polytrioxophosphates from single crystal. The uranium
environment (c. n. 8) in the orthorhombic modification
determined by Linde et al. [15] is shown in Fig. 1.
Protactinium (IV) polytrioxophosphate was prepared

under argon atmosphere from a protactinium difluoride
sulfate PaF2SO4 solution in 14M phosphoric acid [16].
The solution was gradually heated up to 900 1C in order
to eliminate the hydrogen fluoride, sulfur trioxide SO3
and the excess of phosphoric anhydride. The crystallized
residue was formulated as Pa(PO3)4 and was considered
to be isostructural with the orthorhombic Th(PO3)4 and
U(PO3)4.
Three forms of neptunium (IV) polytrioxophosphates

are mentioned in the literature [17]: tetragonal a-
Np(PO3)4 (detected only in mixture with other forms),
triclinic b-Np(PO3)4 and orthorhombic g-Np(PO3)4.
These compounds were obtained by dry chemistry
method from neptunium dioxide NpO2 and diammo-
nium hydrogenphosphate (NH4)2HPO4 after heating at
800, 900 and 950 1C, respectively.
Crystals of plutonium (IV) polytrioxophosphate,

Pu(PO3)4, were grown by digestion of PuO2 in polypho-
sphoric acid [13]. Only the orthorhombic form was
identified. Cerium (IV), usually considered as a good
surrogate of plutonium, forms also an orthorhombic
polytrioxophosphate Ce(PO3)4 [12].
Two forms of zirconium polytrioxophosphate

Zr(PO3)4, monoclinic [18] and orthorhombic [19], were
reported (Table 2). Their crystal structure is built on
ZrO8 polyhedra where the oxygen atoms belong to the
polyphosphate units of eight tetrahedra.



ARTICLE IN PRESS

x

y

U

Fig. 1. Projection of the orthorhombic structure of U(PO3)4 along the

[0 0 1] direction [15].
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Fig. 2. Variation of the unit cell volume vs. M4+ ionic radius for

orthorhombic polytrioxophosphates M(PO3)4.

Table 2

Crystallographic data of polytrioxophosphates of tetravalent cations M(PO3)4
a

Compound System S.G. a (Å) b (Å) c (Å) a (1) b (1) g (1) Ref.

Th(PO3)4 Tetragonal I4/mmm 11.44 14.98 [12]

Triclinic n.d. 15.51 8.251 8.796 117.80 112.32 89.14 [12]

Th(PO3)4 Orthorhombic Pnab 14.35 15.11 9.05 [10]

Pbcn 6.947 15.12 9.069 [12]

Pa(PO3)4 Orthorhombic n.d. 6.969 8.959 15.009 [16]

U(PO3)4 Orthorhombic Pbcn 6.913 14.97 8.986 [12]

Pbcn 6.907 14.947 8.986 [15]

Pnab 8.95 14.94 6.89 [13]

Pbca 13.80 14.92 9.00 [14]

14.33 14.96 9.05 [10]

U(PO3)4 Monoclinic n.d. 23.42 13.02 23.00 n.d. [14]

Triclinic n.d. 15.43 8.147 8.735 117.64 112.59 89.00 [12]

Np(PO3)4 Tetragonal I4/mmm 11.21 14.80 [17]

Np(PO3)4 Triclinic n.d. 15.25 8.092 8.699 117.72 112.55 88.80 [17]

Np(PO3)4 Orthorhombic Cmca 8.989 14.969 6.947 [17]

Pu(PO3)4 Orthorhombic Pbcn 6.860 14.835 8.903 b

Pnab 8.93 14.89 6.87 [13]

Ce(PO3)4 Orthorhombic Pbcn 6.889 14.88 8.939 [12]

Zr(PO3)4 Orthorhombic Pca21 20.504 9.758 8.49 [19]

Monoclinic Cc 13.495 28.799 8.658 90.04 [18]

aEight-fold coordination for orthorhombic and monoclinic varieties.
bJCPDS 43-1105.

n.d.: Not determined.
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The relationship between the unit cell volume and the
Shannon’s ionic radii [20] of M4+ cation for the
orthorhombic forms is plotted in Fig. 2. This trend is
linear, except for neptunium for which a and c unit cell
parameters are surprisingly more extended compared to
the uranium ones.
Generally, polytrioxophosphates are decomposed at

high temperatures (protactinium and uranium under
inert conditions) into diphosphates MP2O7 and P4O10.

2.3. Hydrogenphosphates M(HPO4)2 � nH2O

(q=�2, p=2, m=1)

These kinds of solids, where the number of water
molecules n varies from 0 to 6, were largely investigated
because of ion-exchange properties characteristic for
several of them. Among actinide hydrogenphosphates,
the amorphous and fibrous Th(HPO4)2 � 3H2O (pre-
pared by soft chemistry) was the most investigated ion-
exchange material [21,22].
Uranium hydrogenphosphates U(HPO4)2 � nH2O

(n ¼ 126) were precipitated from aqueous solutions of
U4+ and phosphoric acid either as amorphous or
crystallized solids [23,24]. U(HPO4)2 �H3PO4 �H2O was
also obtained in concentrated phosphoric acid [23]. The
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Fig. 3. Projection of the structure of a-Zr(HPO4)2 �H2O [32] along the
[0 0 1] direction.
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XRD data of the crystallized uranium hydrogenpho-
sphates were published by Dunn [25].
A plutonium compound, Pu(HPO4)2 � nH2O, was

precipitated as a gelatinous solid in nitric acid solution
[26]. Publications about protactinium and neptunium
hydrogenphosphates were not found in literature.
The hydrogenphosphates of non-actinide element

(Si–Pb, Ti–Hf and Ce) were more studied than the
actinide ones. They were synthesized from a dioxide
MO2 or a water-soluble salt of the corresponding
element using soft chemistry methods. Anhydrous and
hydrated silicon or germanium compounds Si(HPO4)2
([27,28] JCPDS File No. 21-1067), Si(HPO4)2 �H2O
[28], Ge(HPO4)2 ([28,29], JCPDS File No. 37-0671)
Ge(HPO4)2 �H2O ([28,29], JCPDS File No. 37-0278)
were reported. The symmetry group and the unit cell
parameters were defined only for the hydrated com-
pounds.
The most studied were the monoclinic layered a-

M(HPO4)2 �H2O where M=Sn, Pb, Ti, Zr, Hf, Ce
(Table 3). Three forms of zirconium hydrogenphosphate
were reported. a-Zr(HPO4)2 H2O and b-Zr(HPO4)2
(JCPDS Files No. 34-0127 and 32-1495, respectively)
crystallize in the monoclinic system while there is no
information for the g modification [30]. Several authors
studied the a form (a-ZHP) but some discrepancies
remain in the unit cell parameter values. Its crystal
structure was determined by Clearfield et al. [31,32] and
then by Dushin and Krylov [33]. It is made up of ZrO6
layers of slightly distorted octahedra and alternating
HPO4 tetrahedra (Fig. 3). The water molecules occupy
Table 3

Crystallographic data of hydrogenphosphates of non-actinide tetravalent ca

Compound System S.G. a (Å)

Ti(HPO4)2 �H2O Monoclinic P21/n 8.64

Zr(HPO4)2 �H2O Monoclinic P21/n 15.46

P21/c 9.07

Zr(HPO4)2 Monoclinic n.d. 9.26

Zr(HPO4)2 � 2H2O Monoclinic n.d. 5.38

Hf(HPO4)2 �H2O Monoclinic P21/n 9.01

P21/c 8.80

Si(HPO4)2 �H2O n.d.

Ge(HPO4)2 �H2O Monoclinic P21/n 8.30

Sn(HPO4)2 �H2O Monoclinic P21/n 8.61

P21/c 8.61

Sn(HPO4)2 �H2O Orthorhombic n.d. 8.57

Sn(HPO4)2 � 2H2O Monoclinic P21/n 8.64

Pb(HPO4)2 �H2O Monoclinic P21/n 8.62

aSix-fold coordination number for monoclinic variety.
bJCPDS 34-0127.
cJCPDS 32-1495.
dJCPDS 45-0068.
eJCPDS 37-0272.
fJCPDS 37-0278.
gJCPDS 31-1397.

n.d.: Not determined.
the interlayer space. Bruque et al. [34,35] determined the
unit cell parameters of tin, titanium and lead hydro-
genphosphates and found these compounds isostructur-
al with a-ZHP. Germanium (JCPDS File No. 37-0278)
and hafnium hydrogenphosphates [36] were of the same
type. The crystal cell parameters and the structure of
cerium (IV) hydrogenphosphate Ce(HPO4)2 �H2O were
not yet determined [37]. Several of the hydrogenpho-
sphates described above (tin, titanium, zirconium and
cerium) behave as cation exchangers [31,32,37–40].
The unit cell volume of a-M(HPO4)2 �H2O is plotted

vs. the M4+ ionic radii in Fig. 4. Note two linear trends
in this figure: different for d(n–1) ns2 elements (Ti, Zr,
Hf) and for the ns2np2 ones (Ge, Sn, Pb). The ratio of the
tionsa

b (Å) c (Å) b (1) Ref.

5.009 15.510 101.32 [35]

3 5.294 9.067 101.70 b

0 5.298 16.22 111.5 [32,33]

5.34 15.77 113.5 c

4 6.637 12.395 98.68 d

4 5.256 15.477 101.63 [36]

5.28 16.3 111.0 e

[28]

6 4.788 15.657 99.92 f

2 4.964 15.861 100.00 [35]

5.02 16.75 110.2 [34]

5 4.985 4.77 [33], g

0 4.997 16.007 100.35 [40]

4 4.987 16.125 100.61 [35]
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slopes (calculated from linear regression) is around 2.0.
This observation is commented in the next section.
Other crystallized hydrogenphosphates: Zr(HPO4)2 �
2H2O (JCPDS File 45-0068), Sn(HPO4)2 � 2H2O [41]
and Ce(HPO4)2 � 2H2O (JCPDS File No. 49-0379) as
well as the amorphous g-Ti(HPO4)2 � 2H2O [38] were
also reported.
All hydrated hydrogenphosphates are dehydrated at

200–250 1C then, at higher temperatures, HPO4 groups
are condensed into P2O7 entities. The temperature of
condensation is generally spread over large limits
depending on the cation considered. Thus, two main
properties of hydrogenphosphates must be pointed:
Condensation:

MðHPO4Þ2 !MP2O7 þH2O " (2)

and ion exchange:

MðHPO4Þ2 þ xMnþ ÐMMxH2�xnðPO4Þ2 þ xnHþ; (3)

x ¼ 1; 2; n ¼ 1; 2 (monovalent or divalent cation);
M=Th, U, Ce, Zr, Ti, Sn.

2.4. Diphosphates MP2O7 (q=�4, p=1, m=1)

This group of compounds (traditionally called
pyrophosphates) is one of the most investigated, even
for elements such as rhenium (IV), molybdenum (IV) or
platinum (IV), for which phosphates are not usually
characteristic compounds. This category of solids was
prepared by several ways of synthesis such as:
�
 Reactions, in aqueous solution, between the tetra-
valent cation and phosphating reagent such as sodium
diphosphate, ammonium phosphate or concentrated
phosphoric acid (the obtained precipitates are dried
then calcined at high temperatures).
�
 Digestion of dioxide MO2 (hydrated or dried) in
concentrated phosphoric acid at about 250 1C.
�
 Dry chemistry methods by heating, at high tempera-
ture, a ground mixture of dioxide MO2 and phosphate
reagent like NH4H2PO4, (NH4)2HPO4, BPO4 or
SiP2O7.
�
 Thermal decomposition of polytrioxophosphates.

�
 Condensation of hydrogenphosphates.

The diphosphates obtained at high temperature are
well-crystallized compounds. Their unit cell parameters
are presented in Table 4. Thorium, uranium, silicon and
germanium diphosphates are polymorphous. Except the
monoclinic PtP2O7 [3], the cubic form named a-MP2O7
is characteristic for all the elements. The crystal
structure of this form was first determined for ZrP2O7
by Levi and Peyronel [42]. Six oxygen atoms of the P2O7
groups coordinate the zirconium ion. Other cubic
diphosphates of tetravalent cations are isostructural
with ZrP2O7.
Two crystalline varieties of thorium and uranium

diphosphates were obtained and characterized by
several workers: the cubic ThP2O7 [10,43–45] and
UP2O7 [10,44,46–49] and the orthorhombic ThP2O7
[10,44] and UP2O7 [10,50]. Burdese and Borlera also
studied solid solutions of each couple of diphosphates:
cubic ThP2O7–UP2O7 and orthorhombic ThP2O7–
UP2O7 [51]. In the first system, 80% (in mole) of
thorium was replaced by uranium (IV) while only 20%
of uranium was introduced in the crystal structure of the
second one. Mixed crystal forms were formed for higher
values.
The structure of the cubic UP2O7, determined by

Cabeza et al. [49], belongs to the ZrP2O7 type where the
UO6 octahedra are linked through different diphosphate
groups (Fig. 5).
The structure of the orthorhombic UP2O7 was

recently determined from single crystal by Podor et al.
[52]. This structure is built on UO8 polyhedral chains
with PO4 tetrahedron and condensed linear P3O10
groups. Thus, its right formula must be written as
U2(PO4)P3O10 and should belong with such formulation
to the [Mm(PO4)p]

(4m+pq) group (m ¼ 2; p ¼ 1; q ¼ �3;
not mentioned in Table 1). According to its IR spectrum
it seems to be hygroscopic (the band of H2O bending
mode appears at 1650 cm�1). After heating at 870 1C,
the compound is transformed into the more stable
cubic UP2O7. The unit cell parameters of the ura-
nium phosphate-triphosphate are in good agreement
with that determined by Douglas and Staritzky [50]
and by Burdese and Borlera [51] for b-UP2O7. The
orthorhombic ThP2O7 has the same structure than
U2(PO4)(P3O10) [53].
The cubic protactinium diphosphate PaP2O7 was

obtained by thermal decomposition of Pa(PO3)4 [16]
while NpP2O7 was synthesized at high temperature from
a mixture of NpO2 and (NH4)2HPO4 [17,54] or BPO4
[44]. The plutonium PuP2O7 was first prepared by
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Table 4

Crystallographic data of diphosphates of tetravalent cationsa

Compound System S.G. a (Å) b (Å) c (Å) b (1) Ref.

ThP2O7 Cubic Pa3 8.721 [10]

Orthorhombic Pna21 11.62 12.75 7.12 [10]

Th2(PO4)P3O10 Orthorhombic Pn21a 11.678 7.171 12.925 [53]b

PaP2O7 Cubic Pa3 8.65 [16]

UP2O7 Cubic Pa3 8.627 [47]

8.631 [49]

U2(PO4)P3O10 Orthorhombic Pn21a 11.526 7.048 12.807 [52]b

Pna21 11.526 12.81 7.045 [50]

Pn21a 11.521 12.767 7.044 [51]

NpP2O7 Cubic Pa3 8.582 [17]

8.565 [54]

8.586 [75]

PuP2O7 Cubic Pa3 8.560 [55]

8.562 [5,44]

CeP2O7 Cubic Pa3 8.338 [45]

8.58 [57]

8.607 [61]

TiP2O7 Cubic Pa3 7.83 [42,57]

ZrP2O7 Cubic Pa3 8.252 [42]

8.245 [9]

8.247 [59]

HfP2O7 Cubic Pa3 8.18 [42]

8.186 c

MoP2O7 Cubic Pa3 7.944 d

ReP2O7 Cubic Pa3 7.94 [63]

PtP2O7 Monoclinic P21/n 7.095 7.883 9.302 111.37 [3]

SiP2O7 Cubic Pa3 7.47 [42]

Tetragonal n.d. 22.4 14.19 [64]

Hexagonal P63/m 8.18 11.82 [64]

Monoclinic P21/h 4.73 12.02 7.62 90.1 [64]

GeP2O7 Cubic Pa3 7.618 [57]

Pa3 7.607 [47]

Monoclinic P21/c 4.787 6.48 15.04 90.4 [3]

SnP2O7 Cubic Pa3 7.975 [42,65]

PbP2O7 Cubic Pa3 8.01 [42,45]

aSix-fold Coordination for cubic variety and eight-fold coordination for the orthorhombic variety.
bFormerly called b-MP2O7.
cJCPDS 37-1494.
dJCPDS 84-1794.

n.d.: Not determined.

V. Brandel, N. Dacheux / Journal of Solid State Chemistry 177 (2004) 4743–4754 4749
heating a mixture of Pu(IV) solution with oxalic and
phosphoric acids [55]. Later, this compound was also
obtained by heating a mixture of PuO2 and BPO4 above
950 1C [56].
The cubic diphosphates of non-actinide tetravalent

elements [27–29,42,45,47,57–64] are isotypic with
ZrP2O7 and UP2O7. The unit cell parameters of all
known MP2O7 compounds are listed in Table 4 and the
variation of their unit cell volume vs. the cationic radius
is depicted in Fig. 6. As for the hydrogenphosphates the
slope of the straight line for the d and f elements is
different from that of sp ones. The phenomenon should
have some origin in the electronic configuration
differences between d and f and sp elements and in
shorter M(IV)–O distances for M=Si, Ge, Sn, Pb [65].
Völlenkle et al. [57] made a similar observation and
plotted the a0 parameter vs. the M

4+ ionic radius, but in
this case the function was not linear.
Several authors [65,66] extensively studied the infra-

red and Raman spectra of the cubic MP2O7 compounds.
The problem of the linearity (or not) of the P–O–P
group was especially discussed. The local symmetry in
the PO3 pyramid of the P2O7 group was not clear but is
now considered as C2v (or pseudo C2v). The weak band
(sometimes present as a doublet) observed in the
750–700 cm�1 domain is assigned to the ns (P–O–P)
vibration and its non-linearity is now accepted for all
diphosphates of tetravalent cations. The nas (P–O–P)
vibration, usually pointed at 950 cm�1, often overlap
with ns (P–O).
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Fig. 5. View of the framework of (a) UP2O7 [49] and (b) U2(PO4)P3O10 [52].
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Fig. 6. Variation of the unit cell volume vs. the ionic radius for cubic

diphosphates MP2O7.
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Hubin and Tarte [66] studied the role of the M4+

cation (M=Si, Sn, Pb, Ti, Zr, Hf, U) on the frequencies
in the cubic diphosphates. These authors plotted the
frequency intensities (the strong and medium bands) of
P–O and P–O–P bond in terms of M4+ ionic radius. The
increase of the ionic radius leads to the shift of the
stretching frequencies to the lower values for M=Si, Sn,
Pb (sp elements) and to the higher values for M=Ti, Zr,
Hf (d elements). On the other hand, for M=Ti, Zr, Hf,
U the deformation frequencies are shifted to the lower
values. Chung-Hsi Huang et al. [65] studied the same
problem but could not draw clear conclusions, probably
because of some differences in the results compared to
that of Hubin and Tarte. Furthermore, it is even less
clear taking into account the IR spectra of CeP2O7 [63],
ThP2O7 [67], ReP2O7 [67] and UP2O7 [68].
Syntheses and XRD data of a series of ‘‘actinyl(IV)’’
diphosphates (ThO)2P2O7 [10], (UO)2P2O7 [10,25,44,46],
(NpO)2P2O7 [44], (PuO)2P2O7 [56] as well uranium
species such as (U2O3)P2O7 [25,44,48,69–71] and
(U3O5)P2O7 [69–71] were published in the past. How-
ever, the preparation of the thoryl diphosphate (ThO)2
P2O7 was unsuccessful [44]. In the 1990s, the chemistry
of uranium (IV), neptunium (IV) and plutonium (IV)
phosphates was also reconsidered. From these investiga-
tions, it appeared that (U3O5)P2O7 was a polyphase
system [72] while (U2O3)P2O7 corresponded to a mixed-
valence uranium–uranyl phosphate U(UO2)(PO4)2
[68,72,73]. Moreover, the compounds of (UO)2P2O7
and (NpO)2P2O7 formulae were identified in fact as
diuranium oxide phosphate U2O(PO4)2 [74] and dinep-
tunium oxide phosphate Np2O(PO4)2 [75].
The thermal decomposition of diphosphates occurs

at higher temperatures than that of polytrioxopho-
sphates (generally in the range of 1250–1350 1C).
Rhenium diphosphate ReP2O7, which begins to
decompose at 750 1C under inert atmosphere, appears
as an exception from this series. The resulting products
of decomposition depend on the nature of the M
element:
�
 Dioxides MO2 and phosphorus (V) oxide from tin
and rhenium diphosphates [76] according to the
reaction:

2MP2O7 ! 2MO2 þ P4O10 " : (4)
�
 Oxide phosphates from zirconium, hafnium [76],
uranium (under inert atmosphere) and neptunium
[72,74,75]:

4MP2O7 ! 2M2OðPO4Þ2 þ P4O10 " : (5)
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The metastable orthorhombic U2(PO4)P3O10 is first
transformed into the cubic UP2O7 [52]:

U2ðPO4ÞP3O10 ! 2UP2O7 ðy4870 1CÞ: (6)

Contrary to the uranium compound, the cubic form of
thorium diphosphate is transformed into the most stable
orthorhombic Th2(PO4)P3O10

2ThP2O7 ! Th2ðPO4ÞP3O10 (7)

then this one into the thorium phosphate-diphosphate
[77]:

4Th2ðPO4ÞP3O10 ! 2Th4ðPO4Þ4P2O7 þ P4O10 "

ðy41200 �CÞ: ð8Þ

The reactions of plutonium (IV) and cerium (IV)
diphosphates in air are accompanied by a reduction
process of the M element into MPO4 (monazite
structure) [56,78]:

4MP2O7 ! 4MPO4 þ P4O10 " þO2 "

ðM ¼ Pu;CeÞ ðy41100 �CÞ ð9Þ

while rhenium [76], protactinium [16] or uranium [68,72]
are oxidized (in air atmosphere) according to the
following reactions:

2ReP2O7 þ 3=2O2 ! Re2O7 " þP4O10 " ðy4750 1CÞ;

(10)

8PaP2O7 þO2 ! 2ðPaOÞ4ðP2O7Þ3 þ P4O10 "

ðy41000 �CÞ; ð11Þ

4UP2O7 þO2 ! 2UðUO2ÞðPO4Þ2 þ P4O10 "

ðy � 1250 �CÞ: ð12Þ

PaP2O7 was partly oxidized even under inert atmo-
sphere into (PaO)4(P2O7)3, which decomposes at
1400 1C leading finally to Pa2O5 and P4O10 [16]. In all
cases, the ultimate decomposition products are a metal
oxide and P4O10.
The precipitation of hydrated diphosphates

MP2O7 � nH2O (with variable number of water mole-
cules) from solutions of thorium, uranium and cerium
salts was also described in the literature [1]. For all these
species, no information neither about their crystal state
nor about their XRD data was reported. Their existence
seems to be doubtful.

2.5. Phosphates ‘‘M3(PO4)4’’ (q=�3, p=4, m=3)

Some amorphous, hydrated thorium phosphates
(obtained from solutions of thorium nitrate or chloride
and phosphoric acid or sodium phosphate) containing
variable molecules of water Th3(PO4)4 � nH2O (n ¼ 5; 14,
17) were reported in the past [79,80]. However, critical
remarks appeared considering additional studies based
for example on infrared (IR) spectroscopy and 1H
NMR. For example, the phosphate Th3(PO4)4 � 5H2O
was presented as Th3(OH)2(HPO4)2(PO4)2 � 3H2O [1].
Nevertheless, the purity of such species, which can be a
mixture of several compounds of the same global
composition, was not demonstrated. The interpretation
of the IR spectra of the amorphous Th3(PO4)4 � nH2O
leads to some confusions: the P–O vibration frequencies
were compared to that of crystallized anhydrous LaPO4
(or GdPO4) and an assumption was made that these
products exhibit the same structure [80]. It seems that
these precipitates are mixed phase systems containing
various hydrogenphosphates.
U3(PO4)4 � nH2O similar to Th3(PO4)4 � nH2O was also

described [1]. A compound of a presumably formula
Pu3(PO4)4 � nH2O was obtained from plutonium (IV)
and phosphoric acid solutions [26]. Both compounds
could be also polyphase.
The chemistry of anhydrous phosphates of general

formula ‘‘M3(PO4)4’’ is also controversial. ‘‘Th3(PO4)4’’
was obtained either by dehydration and further calcina-
tion of a gel formed in a mixture with mole ratio H3PO4:
Th4+=1.33 in acid solutions [45,81], or of the hydrated
Th3(PO4)4 � nH2O [79]. It was also prepared by dry way
of synthesis from ThO2 and NH4H2PO4 [43,44]. Its
XRD pattern was published by several authors
[10,43,81] and the system was found to be monoclinic
with the following unit cell parameters: a ¼ 10:55 (A; b ¼

10:66 (A; c ¼ 8:80 (A and b ¼ 106:411 : However, Tana-
naev et al. [82] showed that when heated at 900 1C,
Th3(PO4)4 � nH2O was decomposed into ThO2 and a
second compound formulated as ThO2 � 0.8P2O5. Later,
it was proved that for this initial composition of the
reactants (P:Th=1.33) the mixture obtained at high
temperature was composed of ThO2 and of a new phase
of global formula Th4P6O23. From EPMA results and
structure determination from single crystal and X-ray
powder diffraction data, this compound was identified
as the thorium phosphate-diphosphate (TPD)
Th4(PO4)4P2O7 [77].
The XRD pattern of ‘‘U3(PO4)4’’ was reported for the

first time by Dunn [25]. It was determined by Burdese
and Borlera [10] in the monoclinic system with the unit
cell parameters: a ¼ 10:78 (A; b ¼ 10:76 (A; c ¼ 9:12 (A
and b ¼ 104:71 as analogous to ‘‘Th3(PO4)4’’. Never-
theless, Bamberger et al. [44] were unable to synthesize
neither ‘‘U3(PO4)4’’ nor ‘‘Np3(PO4)4’’ at 1000 1C. The
plutonium (IV) analogue ‘‘Pu3(PO4)4’’ was not also
obtained [78]. Moreover, the systems schematically
presented as MO2–P2O5 (M=Th, U, Np, Pu), with
mole ratio P:M ¼ 1:33; ended to polyphase at high
temperatures (Table 5).
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Table 5

Actinide phosphate systems obtained for the initial mole ratio P:M ¼ 1:33

Supposed formula Heating conditions Compounds obtained Ref.

‘‘Th3(PO4)4’’ 1100–1250 1C, air Th4(PO4)4P2O7+ThO2 [77]

‘‘U3(PO4)4’’ 1200 1C, air UP2O7+U(UO2)(PO4)2 [68]

‘‘U3(PO4)4’’ 1250 1C, argon UP2O7+U2O(PO4)2 [68,72]

‘‘Np3(PO4)4’’ 1000 1C, air NpP2O7+Np2O(PO4)2+NpO2 [75]

‘‘Pu3(PO4)4’’ 1000 1C, air PuP2O7+PuPO4 [78]

Table 6

Phosphates of tetravalent cations of [(M)m(A
q)p]

k family with k ¼ 0

Compound Th Pa U Np Pu Ce Ti Zr Hf Re Mo Si Ge Sn Pb

M(H2PO4)4
a – – – – + – – – – – – + – – +

M(PO3)4 + + + + + + – + – – – – – – –

M(HPO4)2
a +b – +c – +b + + + + – – + + + +

MP2O7 (cubic) + + + + + + + + + + + + + + +

ahydrated or anhydrous compounds.
bNo XRD pattern found in literature.
cOnly XRD pattern found in literature.

�, References not found.
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The crystal system for ‘‘M3(PO4)4’’ was defined as
monoclinic for M=Zr, Sn and hexagonal for M=Si
(JCPDS File No. 22-1380). No crystallographic data
were reported for phosphates with M=Ge, Hf, Ce. It
is also not clear whether ‘‘Zr3(PO4)4’’ [61,82,83],
‘‘Hf3(PO4)4’’ [62] and ‘‘Sn3(PO4)4’’ [84] are real and
pure compounds. Indeed, the XRD diagrams of the
zirconium phosphate ‘‘Zr3(PO4)4’’ reveals some XRD
lines of the dizirconium oxide phosphate Zr2O(PO4)2
[85]. The conclusion for ‘‘Hf3(PO4)4’’ published by
Mal’shikov and Bondar’ [62] is not very clear. A band
located at 745 cm�1, usually attributed to the P2O7
group (P–O–P bridge), appears in the IR spectrum
presented. The existence of this band, first mentioned in
the text then denied by the authors, is in contradiction to
the proposed formula. In more recent experiments, these
three systems were found to be polyphase: composed of
ZrP2O7+Zr2O(PO4)2 and of MP2O7+MO2 for hafnium
and tin [76].
3. Conclusions

Phosphates of tetravalent elements were intensively
investigated in the last 50 years. In this paper, a review
of tetravalent actinide phosphates referred in the
literature is presented. Their crystal structures and
chemical properties are compared to that of non-
actinide elements.
A classification of tetravalent cation phosphates

based on the framework [(M)m(A
q)p]

k with k=4 m+pq
is proposed (Table 1). In this framework, A represents
an anion (simple or condensed) derived from phosphoric
acid H3PO4. In the first part of the article, phosphates
of uncharged framework (k ¼ 0), e.g., dihydrogen-
phosphates M(H2PO4)4 � nH2O, hydrogen-phosphates
M(HPO4)2 � nH2O, two types of condensed phosphates
M(PO3)4 and MP2O7 are described. For all the elements
studied, the controversial ‘‘M3(PO4)4’’ compounds seem
to correspond to polyphase systems. A summary of the
phosphates reported for k ¼ 0 is given in Table 6.
Among these solids, the crystal structure of dipho-
sphates was the most often investigated. Zirconium and
titanium (IV) hydrogenphosphates were intensively
studied as cation exchangers and proposed for the
decontamination of high-level radioactive liquid waste
among other applications [86–88].
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[57] H. Völlenkle, A. Wittman, H. Nowotny, Monatsh. Chem. 94

(1963) 956.

[58] D.E. Harrison, H.A. McKinstry, F.A. Hummel, J. Am. Ceram.

Soc. 37 (1954) 277.

[59] M. Chaunac, Bull. Soc. Chim. Fr. 2 (1971) 424.

[60] R. Pascard, M. Chaunac, E. Grison, Bull. Soc. Chim. Fr. 2 (1971)

429.

[61] I.L. Botto, E.J. Baran, Z. Anorg. Allg. Chem. 430 (1977) 283.

[62] A.E. Mal’shikov, I.A. Bondar’, Russ. J. Inorg. Chem. 34 (1989)

1207.

[63] E. Banks, R. Sacks, Mater. Res. Bull. 17 (1982) 1053.

[64] F. Liebau, G. Bissert, Bull. Soc. Chim. Fr. Numéro Spécial (1968)
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