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Abstract: The hydrothermal reaction of elemental Ag, or water-soluble silver sources, witre®DLOs at

200°C for 5 days yields AgUO,)4(103)2(104),0- in the form of orange fibrous needles. Single-crystal X-ray
diffraction studies on this compound reveal a highly complex network structure consisting of three interconnected
low-dimensional substructures. The first of these substructures are ribbonssdfe¥&yonal bipyramids that
edge-share to form one-dimensional chains. These units further edge-share with pentagonal bipyramidal UO
units to create ribbons. The edges of the ribbons are partially terminated by tetraoxoiodate{¥), R@ions.

The uranium oxide ribbons are joined by bridging iodate ligands to yield two-dimensional undulating sheets.
These sheets help to form, and are linked together by, one-dimensional chains of edge-sharicgpjgd
octahedral units and ribbons formed by corner-sharing capped trigonal planamaty@edra, AgQ@ capped

square pyramids, and Ag@ctahedra. The [I1g)°~ anions in Ag(UO,)4(103)2(104).0, are tetraoxoiodate(V),

not metaperiodate, and contain 1(V) with a stereochemically active lone-pair. Bond valence sum calculations
are consistent with this formulation. Differential scanning calorimetry measurements show distinctly different
thermal behavior of AgUO,)4(103)2(104).0, versus other uranyl iodate compounds with endotherms at 479
and 494°C. Density functional theory (DFT) calculations demonstrate that the approxitaaggeometry of

the [104]3~ anion can be attributed to a second-order Jaheller distortion. DFT optimized geometry for the
[104]%~ anion is in good agreement with those measured from single-crystal X-ray diffraction studies-on Ag
(U02)4(|O3)2(|O4)202.

Introduction Our recent efforts in the preparation of new solids containing

Oxoanions of iodine display highly complex chemistry in both oxoaniqns of ipdine has fopused on the hydrothermal syntheses
solution and the solid state owing to a series of equilibria among ©f low-dimensional uranyl iodate’s’ The straightforward reac-
periodate, [IQ],5~ and metaperiodate, [P, species in aqueous  tion of UO; with 1205 yields UQGy(I03)2(H20) or UOy(I03),
medid and the thermal disproportionation of iodate to meta- depending on whether mild<50 °C) or supercritical £ 374
periodate and iodine at moderate to high temperatures in the°C) temperatures are employédiowever, the uranyl iodate
solid staté®® As ligands, iodate and periodate display a number framework is quite versatile, and a large number of cations can
of unusual properties. The former anion, havldg symmetry be incorporated to yield new compounds, including alkali metals,
and a stereochemically active lone-pair, has a propensity for alkaline-earth metals, and main group elements. This has
yielding compounds with low-dimensional charactérFur- allowed for the isolation and structural elucidation ef(O2)s-
thermore, these solids often crystallize in noncentrosymmetric (103),0,] (A = K,” RbS, TI19), Cg[(UO2):Clx(I03)(0OH)O,]+
space groups, especially with lanthanides, and therefore havepH,0, and AE[(UQ),(103):04](H-0) (AE = Sr1° Ba7 PH9).
been the subject of considerable physicochemical property
measurements.12 The latter anion has the ability to stabilize (9) Liminga, R.; Abrahams, S. C.; Bernstein, JJLChem. PhysL975
unusually high oxidation states for transition metals, including 62, 755.

Cu(|||),l4—16 Ag(lln), 14,1517 3nd Ni(|v).18 (10) Abrahams, S. C.; Bernstein, J. L.; Nassau)KSolid State Chem.

T Auburn University.
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Ag4(U02)4(|03)2(|O4)202

The ability of the uranyl iodate networks to accommodate
such a wide variety of counterions is based on two key structural
features of this system. First, the uranyl cation can adopt a wide
variety of coordination environments ranging from six-
coordinate [UQX4]"™ square bipyramids, to seven-coordinate
[UO2Xs|™ pentagonal bipyramids, to eight-coordinate pX@}"
hexagonal bipyramid®:2! This feature has been capitalized
upon in the development of a large series of low-dimensional
and open-framework uranyl oxyfluoridé%,2” phosphate%® and
molybdateg?® Second, the iodate ligand can participate in at
least five different binding modes including the bridging of two
or three metal centers’30 the chelation of a single metal,
chelation and simultaneous bridging by an oxygen atom of the
iodate adoptings ligation,” and finally monodentate coordina-
tion8

During our exploration of the preparation of new transition
metal uranyl iodates, we discovered that the hydrothermal
reaction of elemental silver or water-soluble silver sources, such
as silver nitrate, with U@and bOs produces AgUO5)4(103)2-
(104)20 in the form of fibrous orange needles. At first glance,

this compound appears to be a mixed-valent iodine compound

containing both iodate and metaperiodate. However, thg [IO
units are actually tetraoxoiodate(V), i3, and the structural

J. Am. Chem. Soc., Vol. 123, No. 36, 20@B07

Table 1. Crystallographic Data for AgUO,)4(103)2(104)20,

formula Ag4(U02)4(|O3)2(|O4)202
formula mass (amu) 2275.20

space group P2:/n (No. 14)
a(A) 15.040(7)

b (A) 8.051(4)

c(A) 18.332(8)

o (deg) 90

p (deg) 100.738(7)

7 (deg) 90

V (A3 2181(2)

z 4

T(°C) 22

26 range (deg) 3.2246.62

A A 0.71073

Pcalcd (g Cm_3) 6.929

u(Mo Ka) (cm™?) 388.69
goodness-of-fit, all data 1.042

largest difference peak and hole @A 2.777 and-1.763
R(F) for Fo2 > 20(F2)? 0.0514

Ru(Fo?) 0.1077

“RE) = (3|IFy — FIFASIFl} "RFD = (IR —
F ISR Y2

35.54%; 1, 30.36%. IR (KBr, cmt): »(U=0) 927 (w);»(U=0, U-0,
Ag—0, and £0) 843 (s), 835 (s), 812 (m), 788 (m), 772 (m), 756

results clearly demonstrate the influence of a stereochemically im), 728 (s), 714 (s, sh), 668 (w), 640 (m), 628 (m), 614 (m), 597 (W,

active lone-pair on this anion. This is the first report of this

sh), 585 (w, sh), 567 (w, sh), 555 (w), 542 (w, sh), 502 (w, sh), 460 (s,

new oxoanion. The details on the preparation and characteriza-sh), 445 (s), 433 (s, sh). DSC thermogram endotherms: 41%Q4

tion of Ags(UO)4(103)2(104)20, are reported herein.

Experimental Section

SynthesesAg (99.99%, Stern-Leach), U(99.8%, Alfa-Aesar),
and bOs (98%, Alfa-Aesar) were used as received. Distilled and
Millipore filtered water was used in all reactions. The resistance of the
water was 18.2 MOhmwhile the UQ contains depleted U, standard
precautions for handling radioacte materials should be followed.
SEM/EDX analyses were performed using a JEOL 840/Link Isis

instrument. Silver, uranium, and iodine standards were used to calibrate

results, and EDX ratios are within 3% of the ratios determined from
single-crystal X-ray diffraction experiments.

Aga(UO2)4(103)2(10 4)202. Ag (300 mg, 2.78 mmol), UeX429 mg,
1.5 mmol), and40s (334 mg, 1 mmol) were loaded in a 23-mL PTFE-
lined autoclave. Water (1 mL) was then added to the solids. The

W/g), 494°C (—1.480 WI/g).

Crystallographic Studies.An orange fibrous needle of AGJO,)s-
(103)2(104)20, (~0.004 x ~0.004 x 0.410 mm) was mounted on a
glass fiber and aligned on a Bruker SMART APEX CCD X-ray
diffractometer. Intensity measurements were performed using graphite
monochromated Mo K radiation from a sealed tube and a monocap-
illary. SMART was used for preliminary determination of the cell
constants and data collection control. The intensities of reflections of
a sphere were collected by a combination of 3 sets of exposures
(frames). Each set had a differepitangle for the crystal and each
exposure covered a range of Dif w. A total of 1800 frames were
collected with an exposure time per frame of 120 s. The long exposure
time was necessary owing to the extremely thin nature of these crystals
and correspondingly weak diffraction.

The determination of integral intensities and global cell refinement

autoclave was sealed and placed in a box furnace and heated to 200vere performed with the Bruker SAINT (v 6.02) software package using

°C. After 5 days the furnace was cooled &®h to 23°C. The product
consisted of bundles of orange fibrous needles 0f(B@2)4(103).-
(104)20, and bright yellow truncated tetragonal bipyramids of £JO
(103)2(H20). The mother liquor was decanted from the crystals, which
were then washed with water and methanol and allowed to dry. Yield,
376 mg (44% vyield based on U). EDX analysis: Ag, 34.10%, U,

(20) Burns, P. C.; Ewing, R. C.; Hawthorne, F.Can. Mineral.1997,
35, 1551.

(21) Burns, P. C.; Miller, M. L.; Ewing, R. CCan. Mineral.1996 34,
845.

(22) Aimond, P. M.; Talley, C. E.; Bean, A. C.; Peper, S. M.; Albrecht-
Schmitt; T. E.J. Solid State Chen200Q 154, 635.

(23) Talley, C. E.; Bean, A. C.; Albrecht-Schmitt, T. Faorg. Chem.
200Q 39, 5174.

(24) Allen, S.; Barlow, S.; Halasyamani, P. S.; Mosselmans, J. F. W.;
O’Hare, D.; Walker, S. M.; Walton, R. Inorg. Chem.200Q 39, 3791.

(25) Halasyamani, P. S.; Walker, S. M.; O’'Hare, D.Am. Chem. Soc.
1999 121, 7415.

(26) Walker, S. M.; Halasyamani, P. S.; Allen, S.; O’'Hare,DAm.
Chem. Soc1999 121, 10513.

(27) Francis, R. J.; Halasyamani, P. S.; Bee, J. S.; O’Hare). Buim.
Chem. Soc1999 121, 1609.

(28) Francis, R. J.; Drewitt, M. J.; Halasyamani, P. S.; Ranganathachar,
C.; O'Hare, D.; Clegg, W.; Teat, S. €hem. Commuril998 2, 279.

(29) Halasyamani, P. C.; Francis, R. J.; Walker, S. M.; O’'Hardnbrg.
Chem.1999 38, 271.

(30) Weigel, F.; Engelhardt, L. W. Hl. Less-Common Me1983 91,
339.

a narrow-frame integration algorithm. A semiempirical absorption
correction was applied based on the intensities of symmetry-related
reflections measured at different angular settings using SADABSe
program suite SHELXTL (v 5.1) was used for space group determi-
nation (XPREP), structure solution (XS), and refinement (¥.Jhe

final refinement included anisotropic displacement parameters for Ag,
U, and | atoms. The oxygen atoms were refined isotropically. Ag and

| atoms can be distinguished on the basis of both thermal parameters
and Ag-O versus +0 bond distances. Some crystallographic details
are listed in Table 1, additional details can be found in the Supporting
Information. Two other complete datasets on different crystals af Ag
(UO2)4(103)2(104)20;, including low-temperature data, were collected
and the structures were solved. These refinements are consistent with
the structure reported herein.

Thermal Analysis. Thermal data for AgUO,)4(103)2(104)0, were
collected using a TA Instruments, Model 2920 Differential Scanning
Calorimeter (DSC). Samples (20 mg) were encapsulated in aluminum
pans and heated at @/min from 25 to 600°C under a nitrogen
atmosphere.

(31) SADABS Program for absorption correction using SMART CCD
based on the method of Blessing: Blessing, RAkka Crystallogr.1995
A51, 33.

(32) Sheldrick, G. MSHELXTL PCVersion 5.0, An Integrated System
for Solving, Refining, and Displaying Crystal Structures from Diffraction
Data; Siemens Analytical X-Ray Instruments, Inc.: Madison, WI, 1994.
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Results and Discussion

SynthesesThe reaction of Ag with U@and bOs in aqueous
media at 200°C for 5 days under autogenously generated
pressure results in the formation of AY0O,)4(103)2(104)20,
in 44% yield. This compound can also be synthesized from the
reaction of AQNQ with UO3; and bOs or HIOs. Lowering the
reaction temperature to 18C, or increasing the temperature
to 425°C (supercritical), does not result in a change in product
composition with the exception of the transformation of theJO
(103)2(H20) byproduct to UQ(103),.” Furthermore, decreasing
the reaction duration to 1 day or increasing the duration to 5
days also has little effect on product composition. We explored
this wide variety of experimental conditions and starting
materials in an effort to increase the size of the crystals of Ag
(U0O2)4(103)2(104)202, which only form very thin, fibrous,
orange needles. The observation that this compound always
forms in these reactions, regardless of experimental conditions,
implies that it is probably remarkably insoluble, and once
formed, precipitates rapidly. The reported synthesis produced
the largest crystals that we have been able to grow.

Clearly, UG and kOs are highly oxidizing, as silver tubing
is often used to contain hydrothermal reactions as an inert
vessel3 However, we have yet to observe the oxidation of
iodate to periodate or metaperiodate in these reactions. Surpris-
ingly, reactions performed using skDs also yield iodate
compounds. AgUO,)4(103)2(104)>,0, shows dramatically dif-
ferent thermal behavior than other uranyl iodate compounds,
which thermally disproportionate at approximately 51078
This compound, however, shows two endotherms of ap-
proximately equal area at 479 and 492 that most likely
correspond to the disproportionation of the tetraoxoiodate(V)
and iodate ligands through loss of | a 5 Q 5 Q 5

Structure of Ag4(UO2)4(103)2(104)20,. The structure of
Ag4(UO,)4(103)2(104)20; is a highly complex network consisting o
of three interconnected substructures. The first of these are one-
dimensional uranium oxide ribbons consisting of both guO
hexagonal bipyramids and Y@entagonal bipyramids. The YO
units edge-share to form one-dimensional chains that further ©
share edges with UfQunits to yield one-dimensional ribbons.
The edges of these ribbons are partially terminated by tetraox-
oiodate(V), [IQ]3", anions (vide infra). A polyhedral repre-
sentation of part of one of these ribbons is depicted in Figure
1. The coordination sphere of the YOnits is completed, in
part, through ligation by iodate anions. These iodate groups
bridge between the one-dimensional uranium oxide ribbons to
create undulating two-dimensionZl(U02)4(103)2(104)205]4~
sheets that run down theaxis as shown in Figure 2. tO
and U=0 bonds range from 2.17(2) to 2.63(2) A and from 1.77-
(2) to 1.85(2) A, respectively. The long+D bonds are due to
ligation by the iodate and tetraoxoiodate ligands. Similar bond
lengthening has been observed in other uranyl iodate com-
pounds’-® Shorter U-O bonds are with theis oxide ligands Figure 2. Two-dimensional 2[(UO2)4(103)2(104):02]*~ undulating
present in the ribbons. sheets that run down thig-axis in Ag(UO,)4(103)2(104)20,. These

The oxygen atoms of the urany! units and the iodate oxygen shee_ts are (_:reat_ed by iodate ligands bridging between one-dimensional
atoms not involved in bonding with the uranium atoms form Uranium oxide ribbons.
two distinct silver oxide networks. The first of these, shown in  AgOg capped square pyramids, and Ag@ctahedra. Part of
Figure 3a, consists of capped octahedral Ag0its that edge-  one of these ribbons is shown in Figure 3b. Again significant
share with one another to form one-dimensional chains:@g  variations in Ag-O bond lengths are found with bond distances
bond distances show significant variation ranging from 2.39(2) of 2.25(2) to 2.51(2) A, 2.39(2) to 2.66(2) A, and 2.38(2) to
to 2.70(2) A. The second silver oxide network is formed from 2.71(2) A being found for Ag(2), Ag(3), and Ag(4), respectively.
the corner-sharing of capped trigonal planar Ag@lyhedra, Both of these one-dimensional A systems run down the

(33) Kolis, J. W.; Korzenski, M. B. InChemical Synthesis Using b-aXiS parallel with the uraniu.m OXiqe chains. V.Vhen t.he silver
Supercritical Fluids Jessop, P. G., Leitner, W., Eds.; Wiley-VCH: New OXide substructures are combined with the uranium oxide sheets
York, 1999; p 213. the highly complex three-dimensional network structure depicted

Figure 1. A polyhedral representation of the uranium oxide ribbons
formed from UQ hexagonal bipyramids and UQ@entagonal bipyra-
mids in qu(U02)4(|O3)z(|O4)202




Ag4(U 02)4(| 03) 2(| 04) 20,

o(10y’

Oo(14y
Q

Figure 3. (a) Capped octahedral Ag@nits that edge-share with one
another to form one-dimensional chains in4440,)4(103)2(104)20..

(b) A second silver oxide network formed from the corner-sharing of
capped trigonal planar Agolyhedra, Ag@capped square pyramids,
and AgQ octahedra.

@=Ag ®=U ©-=I

o=0

Figure 4. A view of the interconnection of the silver oxide and uranium
oxide substructures in the unit cell of AYO.)4(103)2(104)20;.

in Figure 4 is created. The polyhedra described in this section
are done so using a maximum A@ distance of 3.0 A.

Finally we come to the key feature of this structure, the
tetraoxoiodate(V), [IG1%~, anion. There are two crystallographi-
cally unique [IQ]3~ anions in Ag(UO2)4(103)2(104)20>. Both
of these have approximat€,, symmetry with four oxygen

atoms bent away from a tetrahedral coordination into a seesaw

geometry. These anions are depicted in Figure 5-4Cponds
to O(3), O(4), O(10), and O(18) are 1.82(2), 1.88(2), 1.97(2),

and 1.97(2) A, respectively. The observed compression of the

O(3)—1(1)—0(10) and O(4y1(1)—0O(18) bond angles of
154.3(7} and 105.1(7), respectively, indicates the presence of
a lone-pair. 1(2)-O bonds to O(5), O(6), O(21), and O(24) are
1.82(2), 1.83(2), 1.98(2), and 1.99(2) A, and are similar to those
found with I(1) as there are two short and two loreQ bonds.
The [I04]3~ anion containing 1(2) also displays compression of
O—1-0 bond angles with O(6)I(2)—0(24) and O(5)-1(2)—

J. Am. Chem. Soc., Vol. 123, No. 36, 20@BB09

0(10) 0(24)
o4 0B
I(1) 1(2)
0(18) o@D
03) 0(6)

Figure 5. A view of both approximately,, tetraoxoiodate(V), [IG1®",
anions in Ag(UO,)4(103)2(104),0.. Fifty percent anisotropic ellipsoids

are depicted for the iodine atoms. The oxygen atoms have been refined
isotropically.

Table 2. 1—0O Bond Distances (A) in Tetraoxoiodate(V), {I®,
and lodate Anions for AGUO,)4(103)2(104)20,

I—O distances in tetraoxoiodate(V), [II¥"

1(1)—0(3) 1.97(2) 1(2)-O(5) 1.83(2)
1(1)—0(4) 1.88(2) 1(2)-O(6) 1.99(2)
1(1)—0(10) 1.97(2) 1(2)-0(21) 1.82(2)
1(1)—0O(18) 1.82(2) 1(2)-O(24) 1.98(2)
|—O distances in iodate, [I§p
1(3)—0(7) 1.78(2) 1(4-0O(8) 1.81(2)
1(3)—0(11) 1.84(2) I(4y-0(12) 1.83(2)
1(3)—0(15) 1.79(2) 1(4)-0O(20) 1.79(2)

0O(21) angles of 153.9(7)and 99.7(7. The differences in the
geometry of these tetraoxoiodate(V) anions are due to differ-
ences in coordination to surrounding metal centers. While both
anions bridge uranium centers with thgegoxygen atoms from
each tetraoxoiodate(V) unit, the remaining oxygen atoms
coordinate silver cations above and beneath the layers. Herein
lies the difference between the two anions. The O(21) atom
from 1(2) forms three contacts with silver centers, whereas the
0O(18) atom from 1(2) only forms two such contacts. The
remaining iodate anions show normal bond distances and angles.
I—O bond distances for both [$~ and [IG;]~ are listed in
Table 2.

The central question here is how did this new ligand form?
The answer to this question may lie in the structures of other
uranyl iodate compounds that contain one-dimensional uranium
oxide chains with their edges terminated by iodate ligands. K
[(U02)3(|03)402] and Ba[(UQ)2(|03)202](H20) both contain
such chains where the chain edges are terminated by bridging
and monodentate iodate ligarftim these compounds there are
close t--O contacts ranging from 2.397(3) to 2.667(9) A
between the terminal oxygen atoms from the monodentate iodate
ligand and the neighboring iodine atom from the iodate that
bridges uranium centefsThese types of interactions are very
common in the structures of iodate compounds in general. If
these close-t-O contacts were to actually lead to a full oxygen
atom transfer, then a [P~ anion would result. This may in
fact be the mechanism by which iodate thermally dispropor-
tionates to metaperiodate, 4Q and b, with Ag4(UO,)4(103),-
(104),0, representing a trapped intermediate in this proééss.

Bond Valence Sum Calculations.There are several key
concerns about the identity of A@JO,)4(103)2(104)2.0, that can
be alleviated through bond valence sum calculatf838Our
first concern was that the tetraoxoiodate(V) units did not contain
pentavalent iodine, but rather heptavalent iodine. However, the

(34) Gorski, A.; Milczarek, MPol. J. Chem1984 58, 635.
(35) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
(36) Brese, N. E.; O’Keeffe, MActa Crystallogr.1991, B47, 192.
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Table 3. Bond Valence Sums for the Silver, Uranium, and lodine
Centers in Ag(UO2)4(103)2(104)20-

Ag(1) 0.848 Ag(3) 0.884
Ag(2) 0.862 Ag(4) 0.829
u(1) 6.231 u@®) 6.065
u(@) 5.999 u(4) 6.049
I(1) 5.187 I2) 5.301
1(3) 5.140 1(4) 5.022

HOMO-LUMO interaction indicates I
to-symmetry distortion (T to C5,) . \
() —— e ) m——— )
L 3.54eV

Al em— -ocenmoooeos F
F: S - e
523 eV

104
(T (Ty)

Figure 6. The stabilizing distortionTy — Cy,) of the tetraoxoiodate-

(V), [104]3~, anion, which lowers the energy by 7.9 kcal/mol with zero-

point correction, can be attributed to a second-orderJaiefier (SOJT)
interaction between the HOMO jfaand LUMO (t).

bond valence sums for I(1) and I(2) are 5.187 and 5.301,

Bean et al.

for the valence electrofsand the 6-31G(d) basis $&twas
applied to oxygen. AC,,-symmetry structure was characterized
as the global minimum on the [W¥~ potential energy surface
by frequency calculations, while tig-symmetry structure had
three imaginary frequenciesy{dymmetry mode). The three
transition vectors of th@g-optimized geometry (animated by
Molder3) indicate a distortion t&C,, geometry. As illustrated
in Figure 6, the stabilizing distortionT§ — C,), which lowers
the energy by 7.9 kcal/mol with zero-point correction, can be
attributed to a second-order Jakfeller (SOJT) interactiot
between the HOMO @ and LUMO (). SOJT distortions also
play an important role in the geometries of other ions with
stereochemically active lone-pairs such as Se(lV), Te(lV), and
Pb(l1).45

DFT optimized geometry for the [I§?~ anion is in good
agreement with those measured from single-crystal X-ray
diffraction studies on AgUO,)4(103)2(104)2.0,. These calcula-
tions provide two long and two shortD bond lengths of 2.059
and 1.935 A. These values compare well with measured average
I—0O bond lengths of 1.98(2) and 1.84(2) A that also show two
long and two short+0O bonds around each iodine atom. More
importantly, the average measured-I5-O bond angles of
154.1(7y and 102.4(7) conform remarkably well to the
calculated bond angles of 158.@nd 101.8.

Conclusions

In this report we have described the first example of a new

respectively. These values compare well with those obtained fnjamental oxoanion of iodine, namely tetraoxoiodate(V). This

for 1(3) and I(4), which are present in the iodate anions, and

anion may represent a structural intermediate or perhaps a model

have values of 5.140 and 5.022, respectively. These are also iny¢ the pathway by which iodate thermally disproportionates to

the same range of values found for the iodine atoms in all other

uranyl iodate compounds Our second concern was the
possibility of having a mixed-valent uranium compound.
However, U(1), U(2), U(3), and U(4) have bond valence sums
that range from 5.999 to 6.23% Finally, our third concern was
that we might have a Ag(lll) compound, as the periodate ligand
can stabilize such oxidation statég51"This final concern can

be discounted as Ag(1), Ag(2), Ag(3), and Ag(4) have bond

metaperiodate and iodine. In future studies we will address
whether tetraoxoiodate(V) has an existence independent of

Ag4(U02)4(|03)2(|O4)202.
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