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Uranyl silicates are an important group of ura-
nium(VI) minerals of many uranium deposits, and they 
are of great interest  because they form when spent 
nuclear fuel interacts with water containing silicon 
under oxidizing conditions.  One naturally occurring 
uranium(IV) silicate exists, namely coffinite (USiO4), which 
is the most important ore mineral for uranium after 
uraninite (UO2+x).  Recently, a large number of synthetic 
uranium(VI) silicates and germanates containing alkali 
metals or organic amines as counter cations have been 
reported.1  However, the chemistry of materials contain-
ing U5+, which have environmental implications, is rather 
less developed due to its tendency to either oxidize to 
U6+ or disproportionate to U4+ and U6+.  We previously 
reported the first uranium(V) silicates and germanates, 
K(UO)Si2O6 and A3(U3O6)(X2O7) (A = K, Rb; X = Si, Ge).2    We 
have also reported mixed-valence uranium(V, VI) ger-
manates, A3(U2O4)(Ge2O7) (A = Rb, Cs).3  Mixed-valence 
uranium oxide materials are really rare.  Herein, we report 
high-temperature, high-pressure hydrothermal synthesis 
of two extraordinary mixed-valence uranium silicates, 
Cs2K(UO)2Si4O12 (1) and Na7UIVO2(UVO)2(UV/VIO2)2Si4O16 (2).4

Both hydrothermal reactions were carried out at  
600 oC for 48 hr, cooled to 350 oC at 5 oC · hr-1, and then 
rapidly cooled to room temperature by turning off the 
power of the tube furnace.  The pressure at 600 oC was es-
timated to be 170 MPa according to the pressure—tem-
perature diagram for pure water.  The reaction mixture 
was sealed in a 5.4 cm and 5.7 cm long gold ampoule 
(i.d. = 4.85 mm) respectively, which was contained in an 
autoclave and counterpressured with water at a fill level 
of 55%.  Dark red column crystals of 1 as the major prod-
uct, along with some yellow crystals of K6(UO2)3Si8O22 was 
obtained from a reaction mixture of CsOH, KF, UO3, and 
SiO2 in a molar ratio of 10 : 5 : 0.5 : 6. By replacing CsOH 
and KF with NaOH and CsF in a molar ratio of Na/Cs/U/
Si = 10 : 5 : 0.5 : 6, the reaction could yield black lamellar 
crystals of 2 as a major phase along with some dark red 
crystals of Cs2Na(UO)2Si4O12, which is isostructural with 
1, and some unidentified colorless solid.  The yield was 
51.7% for 1 and 23% for 2 based on uranium.  Suitable 
crystals of 1 and 2 were selected for single-crystal X-ray 

Two mixed-valence uranium silicates, Cs2K(UO)2Si4O12 
(1)  and Na 7U IVO 2(U VO) 2(U V/VIO 2) 2Si 4O 16 (2)  were 
synthesized via high-temperature and high-pressure 
hydrothermal reactions and characterized by 
single-crystal X-ray diffraction and X-ray absorption 
n e a r- e d g e  s t r u c t u r e  ( XA N E S ) m e a s u r e m e n t s.  
Both compounds are marked by the unusual U5+ 
ions.  Compound 1 is the first example of mixed-
valence uranium (IV,V) silicate and compound 2 is 
extraordinary in that three unique uranium sites 
corresponding to oxidation states of 4+, 5+ and 
6+ coexist.  The valence states were established 
by bond-valence-sum calculations and further 
c o n f i r m e d  b y  X A N E S  s p e c t ra l  s t u d y.  C r y s t a l 
data for 1: monoclinic, C2/m, a = 12.4062(9) Å, 
b = 14.5678(8) Å, c = 8.1199(5) Å, β = 103.992(4)°,  
V = 1424.0(2) Å3, Z = 2, and R1 = 0.0329; crystal data 
for 2: triclinic, P-1, a = 6.7931(1) Å, b = 6.9685(1) Å,
c = 11.9157(2) Å, α =95.471(1)o, β = 98.371(1)o, 
γ = 90.688(1)o, V = 555.32(2) Å3, Z = 1, and R1 = 0.0203.
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Fig. 1:  Structural plots of compound 
1 .   (Left) Perspective view 
down to the a-axis.  The yellow 
and green polyhedra repre-
sent UO6 octahedra and SiO4 
tetrahedra, respectively.  Grey 
circles, Cs+ cations; blue circles, 
K+ cations; (right) section of 
the structure showing con-
nection between the cyclo-
tetrasilicates and a UO4/1O2/2 

infinite chain.

Fig. 2: Structural plots of compound 2.  (Left) View along the b-axis. The or-
ange, purple, yellow and green polyhedra represent U(1)IVO6 octahe-
dra, U(2)VO7 and U(3)V/VIO7 pentagonal bipyramids and SiO4 tetrahedra, 
respectively.  Grey circles, Na+ cations.

diffraction analysis, from which the 
chemical formula was determined.

Structure of 1 is constructed by 
one cesium site, one potassium site, 
one UO6 octahedron, and one SiO4 
tetrahedron.  All metal atoms in 1 
are in special positions (Fig. 1).  In 
contrast to 1, the overall structure of 
2 is layered with slabs of uranium sil-
icate separated by Na+ cations, and 
is constructed by four sodium site, 
one UO6 octahedron, two UO7 pen-
tagonal bipyrimids, and two SiO4 
tetrahedra (Fig. 2).  Na(1) and U(1) 
in 2 are at inversion centers and all 
the other atoms are in general posi-

tions.  The bond lengths of U(1)-O 
in both structures and U(2)-O in the 
structure of 2 are quite different from 
the uranium(VI) compounds, which 
contain two strongly bonded uranyl 
oxygen atoms with U-O bond length 
of ~1.8 Å.  In both compounds 1 and 
2, the U(1)O6 octahedron is consider-
ably more regular with d(U-O) in a 
range of 2.123 ~ 2.282 Å.  The mean 
U(1)-O bond length is 2.197(4) Å for 
1 (which is somewhat longer than 
expected for an octahedron that 
contains only U5+), and 2.256 Å for 
2 (which is close to the predicted 
U4+-O bond length of 2.25 Å accord-

ing to the effective ionic radius for 
six-coordinate U4+).  In compound 2, 
U(2) is seven- coordinate in a geom-
etry of pentagonal bipyramid with 
two axial U-O distances of 1.897 and 
2.010 Å and five equatorial U-O dis-
tances ranging from 2.294 to 2.499 Å.   
The axial U(2)-O bond lengths are 
considerably longer than the aver-
age U-O bond length in the uranyl 
ion for pentagonal bipyramid.  Also, 
U(3) in the structure of 2 is seven-
coordinate in pentagonal bipyra-
mid.  However, the axial distances 
of 1.868 and 1.869 Å in U(3)O7 are 
significantly shorter than those in 
U(2)O7, indicating that U(3) is in a 
higher oxidation state than U(2).  
The bond-valence parameters Rij = 
2.051 Å and b = 0.0519 Å of Burns 
et al. can discriminate between U 
valence states as a powerful tool.  
The bond-valence sum at the U(1) 
site in the structure of 1, calculated 
by using these parameters, is 4.56 
v.u., indicating the occurrence of 
U4+/U5+ ions.  And at U(1), U(2) and 
U(3) sites in 2, bond-valence sums 
are 4.05, 5.14 and 5.58 v.u., respec-
tively, indicating the presence of 
U4+, U5+, and U5+/U6+ at these sites.  
The oxidation states of 5+ and 6+ 
are disordered through the U(3) 
sites in the lattice, and to balance 
the charge, the average oxidation 
state of (3) must be 5.5+.
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Fig. 3: U L3-edge XANES spectra: (Left) Spectra for compound 1, along with three standards, UIVO2, K3(UV
3O6)(Si2O7), and 

UVIO3.  (Right) Spectra for compound 2, along with four references, UIVO2, K3(UV
3O6)(Si2O7), UVIO3, and Cs2K(UO)2Si4O12.  

The dotted line at the absorption coefficient value of 0.5 is included to elucidate the chemical shift.
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1-D UO4/1O2/2 chains to form a 3-D 
framework that delimits six-ring 
and four-ring channels along the a 
axis, where the Cs and K atoms are 
located respectively.  Compound 
1 is structurally related to the pen-
tavalent-uranium silicate K(UO)Si2O6 
which crystallizes in the tetragonal 
space group P4/mbm ,  and also 
contains infinite chains of corner-
shared UO6 octahedra coupled to-
gether by Si4O12 rings.  The U atom 
sits on a 4-fold rotation axis such 
that each UO6 shares corners with 
four symmetry related Si4O12 rings 
which are at the same position rela-
tive to the U-O chain.  This arrange-
ment delimits one type of five–ring 
channels wherein the K+ cations are 
situated.  In the structure of 1 the U 
atom is at an inversion center and 
in addition to the six-ring channel 
for the large Cs+ cation, there is a 
four-ring channel which can accom-
modate the smaller K+ cation such 
that U5+ is further reduced to form a 
mixed-valence U4+/U5+ compound. 

In contrast to 1, the structure 
of 2 contains distinct alternating 
U(2)O7 and U(3)O7 pentagonal bipyr-

To establish the valence state of 
the uranium in 1 and 2, XANES spec-
tra were recorded at the wiggler 01C1 
beamline of the National Synchro-
tron Radiation Research Center, Tai-
wan, in transmission mode at 293 K. 
The U L3-edge XANES spectra of 
compound 1 and 2 and several refer-
ence materials, UIVO2, U

VIO3, K3(U
V

3O6)
(Si2O7) are shown in Figs. 3 and 4.  
The UVI edge, measured at the posi-
tion of the half-edge step marked by 
a horizontal dotted line in Fig. 3, is at 
17, 169.4 eV, which is 0.7 eV above 
the UV edge at 17, 168.7 eV and 3.2 eV 
above the UIV edge at 17, 166.2 eV.  
The edge of 1 and 2 is at 17, 167.1 
and 17, 167.7 eV repectively, which is 
between those of UVIO3 and UIVO2. 

As shown in Fig. 1, every UO6 
octahedron in 1 has four equatorial 
silicate oxygen atoms and two axial 
oxygen atoms that act as common 
vertices to neighboring octahedra 
to form a 1-D chain along the a axis, 
corresponding to the Niggli formula 
UO4/1O2/2.  The structure of 1 con-
sists of four-membered single rings 
of corner-sharing SiO4 tetrahedra 
linked together via corner-sharing 

amids that share edges to form infi-
nite chains along the b axis (Fig. 2).
Silicate tetrahedral share edges 
with the pentagonal bipyramids of 
a given chain and vertices with an 
adjascent chain to form sheets in 
the ab plane.  This uranium silicate 
sheet has the uranophane anion to-
pology which is the basis for many 
sheets in addition to uranyl silicates.  
Three different types of sheets 
with the uranophane anion topol-
ogy that differ in the orientation of 
the silicate tetrahedral have been 
reported, namely α-uranophane, 
oursinite and β-uranophane.5  The 
sheet that occur in 2 are different 
from the above three structures be-
cause all of the silicate tetrahedral 
within a sheet point in the same di-
rection.  U(1)O6 octahedra are locat-
ed between two sheets and share 
two vertices with silicate tetrahedra 
from each adjacent sheets, and two 
vertices with the U(2)O7 pentagonal 
bipyramids to form thick layers in 
the ab plane (Fig. 2).  The intralayer 
region contains Na(1)+ and Na(2)+ 
cations.  Adjacent layers are linked 
through bonds from the interlayer 
Na(3)+ and Na(4)+ cations to the oxy-
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gen atoms of the uranium silicate sheets.  The interlayer 
region does not contain any water molecule. 

In summary, we have successfully synthesized 
two new mixed-valence uranium silicates under high-
temperature, high-pressure hydrothermal conditions.  
Compound 1 is the first example of mixed-valence 
uranium(IV,V) silicate in literature.  And compound 2 is 
extraordinary in that three unique uranium sites cor-
responding to three different oxidation states coexist. 
We have also noted that all U5+ silicates which have been 
synthesized up to now are isostrctural to the Nb5+ or Ta5+ 
analogues.  The synthesis of 1 may indicate the presence 
of a mixed-valence Nb4+/Nb5+ silicate.  In the course of re-
searching the synthesis of pentavalent-uranium silicates 
and germinates, we observed other new phases whose 
dark color is indicative of mixed-valence.  It is anticipated 
that more compounds in this very interesting and com-
plex system will be synthesized. 
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