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The hydrothermal reaction of Th(NO3)4-xH,O with V,0s and HsTeOg at 200 °C under autogenously generated
pressure results in the formation of Th(VO,),(TeOg)(H20), as a pure phase. The single-crystal X-ray data indicate
that Th(VO,)(TeOg)(H20). possesses a three-dimensional structure constructed from ThOq tricapped trigonal prisms,
VOs distorted square pyramids, VO, distorted tetrahedra, and TeOg distorted octahedra. Both of the vanadium
polyhedra contain VO,* vanadyl units with two short V=0 bond distances. The tellurate octahedron is tetragonally
distorted and utilizes all of its oxygen atoms to bond to adjacent metal centers, sharing edges with ThOg and VOs
units, and corners with two ThO,, one VOs, and two VO, polyhedra. Crystallographic data: Th(VO,).(TeOg)(H20),,
orthorhombic, space group Pbca, a = 12.6921(7), b = 11.5593(7), ¢ = 13.0950(8) A, Z = 8 (T = 193 K). The
UV-vis diffuse reflectance spectrum of Th(VO,),(TeOg)(H20), shows vanadyl-based charge-transfer absorption
features. Th(VO,)(TeOg)(H,0), decomposes primarily to Th(VOs;), when heated at 600 °C in air.

Introduction

Periodate, I@, and tellurate, Tegd, have played pivotal
roles in the isolation of transition metal complexes with
unusually high oxidation statég he tellurate anion has been
shown to stabilize Ru(VI) and Os(VI) in N&uO,{ TeOy-
(OH)3} 2]+ 16H,0? and RbNay[OsOx{ TeOy(OH),} ] -18H,02
Pd(IV) in NaKzHPdhTes0nH2]-20H0,4 Cu(lll) in
Nas[CW{ TeOy(OH),} 2] -16H,0.5 Ag(lll) in Nas[Ag{TeOs-
(OH)z}2]-16H,0.2 and Au(lll) in Nas[Au{TeOy(OH),} ]
16H,05 By comparison, well-characterized examples of
actinide periodate and tellurate complexes are sparkere
are only two known uranyl periodates, A[(JQ(HIOg),-
(OH)(0)(H0)]:1.5H,0 (A = Li—Cs, AgY and K[(UO,),-
(VO)2(106)20]-H20 2 both of which possess polar open-
framework structures, and no known examples of actinide
tellurate compoundsin addition to offering the possibility
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of stabilizing high oxidation states in actinides, periodate and
tellurate provide the opportunity to build structures with
three-dimensional connectivitP because of their approxi-
mately octahedral geometries and their ability to bind a large
number of metal centefs:®

In an effort to understand the structural chemistry of
tellurate with actinides, we have investigated the reaction
of Th(IV) salts with a variety of tellurate sources primarily
under mild hydrothermal conditions. These studies have
resulted in the isolation of the mixed-metal thorium vanady!
tellurate, Th(VQ)a(TeGs)(H20)2, which represents the first
actinide tellurate whose constitution is unambiguously
defined. This compound also provides information on
vanadyl tellurate coordination, which is also absent from the
literature. Herein, we report the structure and properties of
Th(VOz)z(TE()a)(Hzo)z

Experimental Section

Syntheses.Th(NGs)4-xH,O (99%, Alfa-Aesar), YOs (99.9%,
Alfa-Aesar), and HTeG; (99.5%, Alfa-Aesar) were used as
received. Reactions were performed in PTFE-lined Parr 4749
autoclaves. Distilled and Millipore filtered water with a resistance
of 18.2 MQ cm was used in all reactions. Standard precautions
were performed for handling radioactive materials during work with
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Th(NG3)4xH,O and Th(VQ),(TeGs)(H20),. Semiquantitative Table 1. Crystallographic Data for Th(VE,(TeQs)(H20).

_SEM/EDX analyses were performed using a JEOL 840/Link Is_is formula Th(VQ)2(TeGs)(H20)2
instrument. Th, V, and Te percentages were calibrated against formula mass 657.55
standards. The IR spectrum was collected on a Nicolet 5PC FT-IR color and habit yellow needle
spectrometer from a KBr pellet. crystal system orthorhombic
Th(VO)x(TeOg)(H:0)s.  Th(NOusxH,O  (0.2812 g, S oo e
0.5857 mmol), ¥Os (0.1061 g, 0.5834 mmol), and ¢HeOs b (A) 11.5593(7)
(0.1128 g, 0.4912 mmol) were loaded into a 23-mL PTFE-lined c(A) 13.0950(8)
autoclave. Water (1 mL) was then added to the reaction mixture. V(A9 1921.2(2)
The autoclave was sealed and placed into a box furnace and heated $(K) $g3
to 200°C. After 6 d, the reaction was cooled at a rate 6{C3h to A (A 0.71073
23°C. The product mixture consisted of clusters of acicular yellow maximum 2 (deg) 56.58
crystals in a green mother liquor. The mother liquor was decanted, Pealed (g €MT9) 4.519
and the crystals were then washed with water and methanol and ‘?Q((,\F/I)Of(l)(l’olg gCETZB(F 22 80032'28
allowed to dry. Yield, 299 mg (79% based on Th). Phase purity Ry(FAP ° 0.0622

was confirm by powder X-ray diffraction measurements. The
measured powder pattern was compared to a pattern calculated from *R(F) = XIIFol = [Fell/X[Fol- ® Ru(Fo?) = [X[W(Fo® — F)F/ Twro] 2
single-crystal X-ray data using ATOMS (v. 5, Shape Software).
No extraneous diffraction peaks were observed. IR (KBr,m
1613 ¢, H20, w), 979 ¢, VO, ', s), 964 ¢, VO, 1, s), 955 ¢, VO, ',
s), 930 ¢, VO,*, s), (v, V=0, Te-0O, Th—0) 862 (s), 843 (m),
821 (w), 796 (w, sh), 760 (s), 724 (w, sh), 695 (s). EDX
measurements show a Th:V:Te ratio of approximately 1(27%):
2(47%):1(26%).

Thermal Analysis. Thermal data for Th(V@),(TeGs)(H20),
were collected using a TA Instruments, model 2920 differential Rasyits and Discussion
scanning calorimeter (DSC) and a TA Q50 Thermogravimetric

determination (XPREP), direct methods structure solution (XS), and
least-squares refinement (XE).The final refinements included
anisotropic displacement parameters for all atoms. Secondary
extinction was not noted. Some crystallographic details are given
in Table 1. Additional details can be found in the Supporting
Information.

Analyzer (TGA). Samples~20 mg) were encapsulated in alumi- Synthesis.The challenge in preparing actinide tellurates,
num or platinum pans and heated at®@min from 25 to 600°C and periodates for that matter, is that these anions oxidize
under a nitrogen atmosphere. water and are reduced by two electrons from Te(VI) or I(VII)

UV —Vis Diffuse Reflectance SpectraThe diffuse reflectance to Te(lV) or I(V). Under hydrothermal conditions, these
spectrum of Th(VQ)x(TeGs)(H.0), was measured from 1800 to  processes occur quite rapidly, which coincidentally is a
200 nm using a Shimadzu UV3100 spectrophotometer equippedconyenient method for crystallizing tellurite and iodate
with an integrating sphere attachment with Bag®® the standard. compoundg*-16 |t was discovered in the course of preparing
The Kubelka-Monk function was used to convert diffuse reflec- K[(UO,)2(VO)x(106);0]-H,0° that the presence of XD
tance data to absorbance speétra. V2N 272 2\16)2 2 P 255

X-ray Powder Diffraction Data. Powder diffraction data were inhibits the reduction of periodate. We therefore applied this

i method to the synthesis of thorium tellurates and found that

collected using a Rigaku Miniflex powder diffractometer using . . . .
Cu Ko (A = 1.54056 A) radiation. Data were compared to patterns the reaction of Th(NE)a-xH-O with V05 and telluric acid

from the ICDD database or to those calculated directly from single- r€sults in the isolation of a desired product, TheyQreG;)-
crystal data using ATOMS. (H20),, that contains Th(1V), V(V), and Te(VI), in both high
Crystallographic Studies.A single crystal of Th(VQ)x(TeQ)- yield and purity.
(H-0), was mounted on a glass fiber and aligned on a Bruker  Structure of Th(VO ;)x(TeOg)(H20).. The structure of Th-
SMART APEX CCD X-ray diffractometer. Intensity measurements (VO,),(TeOs)(H20), is three-dimensional in nature and is
were performed using graphite monochromated Mo rigdiation constructed from Th® tricapped trigonal prisms, VO
from a sealed tube and monocapillary collimator. SMART (v 5.624) (istorted square pyramids, \{@istorted tetrahedra, and TeO
was used for preliminary determination of the cell constants and istorted octahedra. An ORTEP diagram showing these
data collection control. The intensities of reflections of a sphere building units is shown in Figure 1. The oxidation states can
were collected by a combination of three sets of exposures (frames).be assigned in this compound as Th(IV), V(V) at both sites
Each set had a differegtangle for the crystal, and each exposure and Te(Vl). The Th-O bond distances ra,nge from 2 282(4)'

covered a range of 0>3n w. A total of 1800 frames were collected . 8
with an exposure time per frame of 30 s. to 2.601(5) A. The ThQunits share one edge with the YO

For Th(VO,),(TeOs)(H20),, determination of integrated intensi-
ties and global refinement were performed with the Bruker SAIN

T (12) Sheldrick, G. MSHELXTL PC, Version 6.12, An Integrated System
for Sobing, Refining, and Displaying Crystal Structures from Dif-

(v 6.02) software package using a narrow-frame integration fraction Datg Siemens Analytical X-ray Instruments, Inc.: Madison,
algorithm. A face-indexed analytical absorption correction was Wi, 2001. i )
initially applied using XPREP, where individual shells of unmerged (13) lJSst;ﬁlgdrS"lz\lll(Ag:I"\é.(sﬁnggggdzgr?’%E éor%;atrr?o(fjogfaglseosrsitrl]%n %?gses‘i:ﬂgnR
data were corrected analyticaly These files were subsequently H. Acta Crystallogr.1995 A51, 33. ' o

treated with a semiempirical absorption correction by SADABS.  (14) Bean, A. C.; Peper, S. M.; Albrecht-Schmitt, T Ghem. Mater2001,
The program suite SHELXTL (v 6.12) was used for space grou 13, 1266.
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Figure 1. A view of the ThQ tricapped trigonal prisms, V&distorted
square pyramids, VEdistorted tetrahedra, and Te@istorted octahedra
in Th(VOy)(TeCs)(H20).. 50% probability ellipsoids are depicted.

Table 2. Selected Bond Distances (A) and Angles (deg) for

Th(VOz)g(Te(%)(Hzo)z
Distances (A)
Th(1)-0(2) 2.384(4) V(1)-0(4) 2.044(4)
Th(1)-0(3) 2.479(4) V(1}-0(5) 1.929(4)
Th(1)-0(4) 2.430(4) V(2)-0(6) 1.654(5)
Th(1)-0(5) 2.528(4) V(2¥-0(7) 1.654(5)
Th(1)-0(6) 2.455(5) V(2)-0(8) 1.771(4)
Th(1)-0(7) 2.400(5) V(2)-0(9) 1.801(4)
Th(1)-0(10) 2.282(4) Te(1O(3) 1.921(4)
Th(1)-0(11) 2.564(5) Te(BO(4) 1.907(4)
Th(1)-0(12) 2.601(5) Te(HO(5) 1.943(4)
V(1)—O(1) 1.628(5) Te(1yO(8) 1.948(4)
V(1)—-0(2) 1.671(5) Te(130(9) 1.953(4)
V(1)—0(3) 1.945(4) Te(1O(10) 1.829(4)

Angles (deg)

O(1)-V(1)—0(2) 106.3(3) O(6YV(2)—0(7) 111.2(3)
O(10)-Te(1-0O(4) 101.61(17) O(3)Te(l-0(4)  159.49(17)
O(10)-Te(1)-0O(3) 98.90(17) O(10)Te(1}-O(5) 178.60(19)
O(4)-Te(1)-0O(5) 78.98(17) O(3)Te(1)y-0O(5) 80.51(17)
O(10)-Te(1-O(8)  88.04(19) O(4)Te(1)-0O(8) 88.73(17)
0O(3)-Te(1)-0(8) 91.61(17) O(5)Te(1)}-0(8) 90.71(18)
O(10)-Te(1)-0O(9) 90.20(19) O(4yTe(1y-0O(9) 92.84(17)
O(3)-Te(1)-0(9) 87.44(17) O(5)Te(1)-0(9) 91.04(18)
O(8)-Te(1)-0O(9)  177.84(18)

Figure 2. (a) A depiction of the interactions between the s/distorted
square pyramids and neighboring polyhedra in Th{)@eGs)(H20)..
Edge-sharing occurs with one ThOnit and one Te@unit. Corner-sharing
occurs with two additional Th&tricapped trigonal prisms and one TeO
octahedron. (b) The VQunits corner-share with two ThQunits and two
TeGs units. Vanadium polyhedra are shown in magneta, thorium are in
green, and tellurium are in blue.

1.671(5) A to O(1) and O(2), respectively, and an
polyhedra and a second edge with the TeGahedra. This  O(1)—-V(1)—0O(2) bond angle of 106.3(3) The shorter
unit has six additional corner-sharing interactions: two with V(1)—O(1) bond distance reflects its terminal nature. The
the VO distorted square pyramids, two with the YO remaining four oxygen atoms in the V(1yQunits are
distorted tetrahedra, and two more with the Fe@ttahedra. bridging. The distortion of the V(1)&unit is evident in the
These interactions result in threg-O atoms (O(3), O(4),  bond angles of the square base of the unit. The ©())—
and O(5)) and four,-O atoms (O(2), O(6), O(7), and O(10)). O(4) angle is 74.84(17)which is close to that of the adjacent
The two remaining oxygen atoms (O(11) and O(12)) are O(4)—V(1)—O(5) angle of 76.02(18) An examination of
concluded to be water molecules on the basis of their long the remaining base angles shows this distortion with
Th—0 bond distances of 2.564(5) and 2.601(5) A, their bond O(2)—V(1)—0O(3) and O(2)V(1)—O(5) having bonding
valence sums of 0.34 and 0.31'8 charge balance require- angles of 94.97(19)and 99.47(19), respectively. The VO
ments, and the presence of water stretching and bendingpolyhedron contains several interactions with adjacent poly-
modes in the IR spectrum. Selected bond distances and anglebedra. There are two edge-sharing interactions: one with a
are given in Table 2. ThOy unit and a second with a TeQinit, both involving

There are two crystallographically unique vanadium atoms #3-O(4). The O(3) and O(5) atoms are ajgpbecause the
in Th(VO,)(TeOs)(H:0), in two different coordination ~ VOs unit utilizes O(3) and O(5) to edge-share or corner-
environments. V(1) is in a five-coordinate distorted square share with either a Thglricapped trigonal prism or a TeO
pyramidal geometry. V(2) meanwhile is found in a distorted octahedron. A depiction of these complex combinations is
tetrahedral environment. Both of the V(V) polyhedra contain shown in Figure 2a.
a VO;* vanadyl unit with two short ¥=O bond distances. The tetrahedral VQunits containing V(2) are distorted
V(1) has vanadyl oxygen bond lengths of 1.628(5) and from ideality. The bond distances observed within the
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Figure 3. An illustration of the bonding for the tellurate, T, anion

in Th(VO,)(TeOs)(H20).. All six oxygen atoms are used to bind neighbor-
ing metal centers, resulting in two edge-sharing interactions with & ThO
unit and one with a V@unit. Corner-sharing interactions also occur with
one ThQ, one VG, and two VQ polyhedra. Vanadium polyhedra are
shown in magneta, thorium are in green, and tellurium are in blue.

vanadyl unit of VQ tetrahedron are similar to those found
within VOs unit with a distance of 1.654(5) A to both O(6)
and O(7), and a bond angle of 111.2(3The remaining
V—0O bond lengths are V(O(8) at 1.771(4) A, and
V(2)—0(9) at 1.801(4) A. The bond angles range from
105.3(2y to 119.2(2}. The VQ units only corner-share with
adjacent polyhedra, leaving all oxygen atoms as bridging
0O(6) and O(7) to Th(1) and O(8) and O(9) to Te(1). A view
of these interactions is shown in Figure 2b.

The tellurate anions, containing Te(VI), are highly dis-
torted from idealized octahedral symmetry with-T@ bond
distances ranging from 1.829(4) to 1.953(4) A. The distortion
is approximately tetragonal in nature and is in the direction
of O(10), this being the shortest ¥©& bond distance of
1.829(4) A. The G-Te—0 bond angles given in Table 2

Figure 4. (a) A view of the Th@, VOs, and TeQ units that form a
continuum of edge-sharing interactions to yield-TW—Te oxide chains
that extend along thie-axis. Corner-sharing interactions between §a@d
- VOs units and the Th centers of adjacent chains form two-dimensional sheets
" in the [ab] plane. (b) The three-dimensional network of Th(Y&TeOs)-
(H20). is formed by the linkage of these sheets through the Mitits. The
VO, tetrahedra bridge the Th and Te centers from one sheet to thorium
and tellurium in an adjacent sheet in théirection. Vanadium polyhedra
are shown in magneta, thorium are in green, and tellurium are in blue.

lead to the formation of two-dimensional sheets in taid [
plane. The three-dimensional network is formed by the
linkage of these sheets through the M@its, as is shown

also demonstrate the deviation of the tellurate anion from in Figure 4b. The V@ tetrahedra bridge the Th and Te

octahedral symmetry. The TgO anion utilizes all of its

centers from one sheet to thorium and tellurium in an

oxygen atoms to bond to adjacent polyhedra with one edge-2adjacent sheet in thedirection.

sharing interaction with a Th{unit and another with a VO
unit. Corner-sharing interactions also occur with two ThO
one VG, and two VQ polyhedra as shown in Figure 3.
These bonds result in threg-O atoms (O(3), O(4), and
0O(5)) as well as thregs-O atoms (O(8), O(9), and O(10)).
The triad that forms from the ThOVOs, and TeQ

Optical Properties. The optical properties of Th(VE:-
(TeOs)(H20), have been evaluated using BVis diffuse
reflectance spectroscopy. This compound displays a weak
absorption band near 387 nm that is followed by strong
absorption feature at approximately 600 nm. The spectrum
is similar that of other vanadyl oxoanion compounds such

through edge-sharing is the essential building block of part as A[VO,(I03);] (A = K, Rb) and A[(VO)(I03);0,]

of the structure of Th(V@2(TeGs)(H20).. These units form
a continuum of edge-sharing
Th—V—Te oxide chains, which extend along thexis as

shown in Figure 4a. Corner-sharing interactions between the

TeOs and VG units and the Th centers of adjacent chains

interactions to create

(A = NHy4, Rb, Cs) It is likely that the visible absorption
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for Th(VO,)(TeGs)(H0), can be attributed to charge
transfer in the vanady! units.

Thermal Behavior. Differential scanning calorimetry
measurements on Th(M(TeGs)(H20), show that the
compound is stable to approximately 2%0; thereafter it
begins to lose water with an endotherm centered at°232
This is followed by further decomposition with three
endotherms at 418, 456, and 472 followed by a small
exotherm at 534°C. TGA measurements show that the
endotherm near 458 is associated with the loss of Te from
the sample. Th(V@,(TeOs)(H.O), decomposes primarily to
Th(VOs), when heated at 60€C in air as determined by
X-ray powder diffraction measuremerifs.

Conclusions

The synthesis of the first actinide tellurate, Th(y9
(TeOs)(H20),, has been achieved via the hydrothermal

(20) Quarton, M.; Pages, M.; Freundlich, . R. Seances Acad. Sci.,
Ser. C1978 286, 369-71.
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reaction of Th(N@)sxH,O with V,0s and HTeGs. The
remarkably complex three-dimensional structure of Th-
(VO,)o(TeQs)(H-0), is a direct consequence of the high
coordination number of Th combined with the variable
coordination of vanadium and the remarkable ability of
tellurate to simultaneously bind seven metal centers. This
first example of a thorium tellurate points to what is likely
to be a large family of structurally diverse actinide tellurate
compounds.
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