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The transition metal, alkali metal, and main group uranyl selenites, Ag,(UO,)(Se0s); (1), K[(UO2)(HSe0s)(Se0s)]
(2), Rb[(UO,)(HSeOs)(Se0s)] (3), Cs[(UO2)(HSeOs)(Se0s)] (4), TI[(UO,)(HSeOs)(Se0s)] (5), and Ph(UO,)(SeOs)
(6), have been prepared from the hydrothermal reactions of AgNOs, KCI, RbCl, CsCl, TICI, or Pb(NO3), with UO5
and SeO; at 180 °C for 3 d. The structures of 1-5 contain similar 2[(UO,)(Se0s)J>~ sheets constructed from
pentagonal bipyramidal UO units that are joined by bridging SeOs?~ anions. In 1, the selenite oxo ligands that are
not utilized within the layers coordinate the Ag* cations to create a three-dimensional network structure. In 2-5,
half of the selenite ligands are monoprotonated to yield a layer composition of 2[(UO,)(HSeOs)(SeOs)]t~, and
coordination of the K*, Rb*, Cs*, and TI* cations occurs through long ionic contacts. The structure of 6 contains
a uranyl selenite layered substructure that differs substantially from those in 1-5 because the selenite anions
adopt both bridging and chelating hinding modes to the uranyl centers. Furthermore, the Pb?* cations form strong
covalent bonds with these anions creating a three-dimensional framework. These cations occur as distorted square
pyramidal PbOs units with stereochemically active lone pairs of electrons. These polyhedra align along the c-axis
to create a polar structure. Second-harmonic generation (SHG) measurements revealed a response of 5x o-quartz
for 6. The diffuse reflectance spectrum of 6 shows optical transitions at 330 and 440 nm. The trailing off of the 440
nm transition to longer wavelengths is responsible for the orange coloration of 6.

Introduction has a propensity for displaying multiple coordination envi-

L ronments including six-coordinate [UR4]"~ square bipyra-
_ Recent studies in our group have focusgd on the prepara-mids, seven-coordinate [URs]™ pentagonal bipyramids,
tion of new uranyl iodate compounds with unusual low-

H _ i n— i idRs7
dimensional structural motifs. These efforts have resulted and eight-coordinate [UfXs]" hexagonal bipyramids.

) . . Therefore, the combination of the flexibility of these poly-
in the isolation of compounds such as i03),,* UO(103),- : .
(H:0) AJ[(UO»)5(105):0:] (A = K.2 Rb? or TF). AE- dentate ligands with U(VI) should lead to a vast array of

S ez nao ] new compounds from a small subset of reactants. Hence,
[(UO2)2(102)20:](H20) (AE = Sr? Ba’ or PH), and Ag these studies allow for the further development of the

systematics of uranium chemistry as well as potential
structure-property relationships among solids of similar
composition.

On the basis of this information, we have undertaken a
study comparing the hydrothermal chemistry of uranyl

(UO,)4(103)2(104)20,, with the latter containing the previously
unknown tetraoxoiodate, I, trianion# It has become clear
during this work that polydentates, ligands, such as iodate,
provide an excellent platform for building structural versatil-
ity into the hydrothermal syntheses of new uranium materials.
This is especially true because hexavalent uranium alread

Yiodates with that of other U(VI) phases containing trigonal
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pyramidal ligands including selenite and tellurite. A survey (99%, Alfa-Aesar), CsCl (99.999%, Alfa-Aesar), TICI (99.9%, Alfa-
of uranium-bearing compounds reveals several solids thatAesar), and Pb(N¢), (99.994%, Fisher) were used as received.
also contain the selenite anidhese minerals and mineral- Distilled and Millipore filtered water was used in all reactions. The
like phases include simple compounds such as(86Q)° resistance Qf the water was 18'.2£M.Tr.1e PTFE Iin.e.rs useq in
and UQ(HSeQ),(H,0) 2 as well as solids where transition these reactlo?s were heat(_ed with dlstlllgd and Millipore f_||tered
metals have been incorporated into one-dimensional uranyIWater at 200°C for 3 d prior to useWhile the UQ contains

. . depleted U, standard precautions for handling radioaetnaterials
11
selenite structural motifs such as {WO,)(SeQ)2](OH)s should be followed. Old sources of depleted U should not be used,

and PRCU[(UO,)(SeQ)s]o(OH)s(H20)o.1? These solids dis- 5 the daughter elements of natural decay are highly radioacti
play a wide variety of uranium oxide topologies and binding ang present serious health risks.SEM/EDX analyses were
modes for the selenite anion as found in uranyl iodate performed using a JEOL 840/Link Isis instrument. IR spectra were
chemistry’ Furthermore, the selenite anion provides several collected on a Nicolet 5PC FT-IR spectrometer from KBr pellets.
advantages over that of iodate in that it is both a better donor  Agx(UO,)(SeGs), (1). UO; (253 mg, 0.885 mmol), Seq196
ligand for metals gide infra) and is thermally robust. mg, 1.767 mmol), and AgN§X(301 mg, 1.767 mmol) were loaded
An additional feature of the uranyl selenite system is the ina23-mL PTFE-lined autoclave. Water (1.5 mL) was then added
possibility of preparing new noncentrosymmetric (NCS) to the solids. The autoclave was sealed and placed in a box furnace
phases, because the incorporation of moieties with stere-2"d hoeated to 18TC. After 72 h, the furnace was cooled at@/h
ochemically active lone pairs of electrons is well-known to to 23°C. The product consisted of a pale yellow solution over dark
yield NCS structures that are often polar owing to partial or vellow prisms of1 and yellow needles of USeq). The mother

. GRS liquor was decanted from the crystals, which were then washed
complete alignment of these electr > Thus far, all of with water and methanol and allowed to dry. Crystalslofere

the uranyl iodate compounds that we have investigated havenanyally separated from W(SeQ). Yield, 304 mg (46% yield
been centrosymmetric because of the placement of the lineamhased on U). EDX analysis for AGJO,)(SeQ), provided a Ag/
uranyl dication upon or near centers of inversion or higher U/Se ratio of 2:1:2. IR (KBr, cm%): »(U=0, U—0, and Se=0)
symmetry. However, this problem may be resolvable through 883 (s), 831(m, sh), 815 (s), 731(s, sh), 689 (s).
the incorporation of a second metal center with a nonbonding  K[(UO 2)(HSeG;)(SeQy)] (2). UOs (327 mg, 1.143 mmol), SeO
pair of electrond3-16 (253 mg, 2.287 mmol), and KCI (170 mg, 2.287 mmol) were loaded
Herein, we report the hydrothermal syntheses and struc-in & 23-mL PTFE-lined autoclave. Water (1.5 mL) was then added
tures of six new uranyl selenites, AYO,)(SeQ), (1), to tdhE soll(ijs. Thgéutoalavezvvss rs]ec;ded and placed ||n g b;)(g/Lurnace
and heated to 18%C. After 72 h, the furnace was cooled a
KIUO2)(HSeQ)(SeQ)] (2), RDI(UO,)(HSeQ)(SeQ)] (3), to 23°C. The product consisted of a pale yellow solution over bright
Cs[(UQ,)(HSeQ)(SeQ)] (4), TI[(UO2)(HSeQ)(SeQ)] (5),

. . . yellow prisms of2. The mother liquor was decanted from the
and Pb(UQ)(SeQ). (6). The detailed optical and electronic crystals, which were then washed with water and methanol and

properties of6, which is polar, are also presented. These gjowed to dry. Yield, 550 mg (88% vyield based on U). EDX
compounds demonstrate the versatility of the selenite ligand analysis for K[(UQ)(HSeQ)(SeQ)] provided a K/U/Se ratio of
in forming mixed-metal uranium compounds with transition 1:1:2. IR (KBr, cntl): »(U=0, U—0, and Se=0) 899 (s), 873
metals, alkali metals, and main group elements. (m, sh), 840 (m), 806 (m), 778 (s), 757 (s, sh), 760 (s, br), 661 (s).
. . Rb[(UO,)(HSe0s)(Sed)] (3). UO; (242 mg, 0.846 mmol), SeO
Experimental Section (222 mg, 1.692 mmol), and RbCI (242 mg, 1.692 mmol) were
SynthesesUO; (99.8%, Alfa-Aesar), Sef199.4%, Alfa-Aesar),  |oaded in a 23-mL PTFE-lined autoclave. Water (1.5 mL) was then
AgNO; (99.9%, Alfa-Aesar), KCI (Ultrapure, Alfa-Aesar), RbCl  added to the solids. The autoclave was sealed and placed in a box
furnace and heated to 18C. After 72 h, the furnace was cooled
at 9°C/h to 23°C. The product consisted of a pale yellow solution
over bright yellow needles @8. The mother liquor was decanted
from the crystals, which were then washed with water and methanol
(14) Halasyamani, P. S.: O'Hare, Dorg. Chem.1997, 36, 6409. and allowed to dry. Yield, 493 mg (96% yield based on U). EDX
(15) Porter, Y.; Bhuvanesh, N. S. P.; Halasyamani, fa@&g. Chem2001, analysis for Rb[(UQ)(HSeQ)(SeQ)] provided a Rb/U/Se ratio of
40, 1172. , 1:1:2. IR (KBr, cnh): »(U=0, U—0, Se=0) 902 (s), 877 (m,
) e oL 13 a1 anesh. N- S. P-s Halasyamant, RRI®M. — g) 844 (m), 808 (m, sh), 778 (s), 717 (s, sh), 707 (s), 657 (m).
(17) Harrison, W. T. A.: Dussack, L. L.; Jacobson, A.JJ.Solid State Cs[(UO)(HSeG;)(Sey)] (4). UOs (254 mg, 0.888 mmol), SeO
Chem.1996 125 234. (197 mg, 1.776 mmol), and CsCl (299 mg, 1.776 mmol) were
(18) Harrison, W. T. A.; Dussack, L. L. Jacobson, A.ldorg. Chem. loaded in a 23-mL PTFE-lined autoclave. Water (1.5 mL) was then
added to the solids. The autoclave was sealed and placed in a box

(9) Loopstra, B. O.; Brandenburg, N. Rcta Crystallogr.1978 B34, 1335.
(10) Mistryukov, V. E.; Michailov, Y. N.Koord. Khim.1983 9, 97.
(11) Ginderow, D.; Cesbron, RActa Crystallogr.1983 C39, 1605.

(12) Ginderow, D.; Cesbron, FRActa Crystallogr.1983 C39, 824.
(13) Halasyamani, P. S.; O’'Hare, Bhem. Mater1998 10, 646.

1994 33, 6043.
(19) Dussack, L. L.; Harrison, W. T. A.; Jacobson, AMater. Res. Bull.

1996 31, 249. furnace and heated to 18C. After 72 h, the furnace was cooled
(20) fggf%%”'lgg Abrahams, S. C.; Bernstein, J.LSolid State Chem. 4t 9°C/h to 23°C. The product consisted of a pale yellow solution
1) Liminga', R.: Abrahams, S. C.; Bernstein, JJLChem. Phys1975 over yellow needles off. The mother liquor was decanted from
62, 755. the crystals, which were then washed with water and methanol and
(22) Nassau, K.; Shiever, J. W.; Prescott, BJESolid State Cheni975 allowed to dry. Yield, 341 mg (58% vyield based on U). EDX
(23) ﬁ)rﬁiﬁs, S. C.; Bernstein, J. L.; NassauJKSolid State Chem. analysis for Cs[(UQ)(HSeQ)(SeQ)] provided a Cs/U/Se ratio of
1977, 22, 243.

(24) Gupta, P. K. S.; Ammon, H. L.; Abrahams, S.A&xta Crystallogr. (26) In our laboratory, uranium starting materials are stored in a gitox

1989 C45, 175.
(25) Bergman, J. G., Jr.; Boyd, G. D.; Ashkin, A.; Kurtz, S. X.Appl.
Phys.1969 70, 2860.
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Syntheses and Properties of New Uranyl Selenites

Table 1. Crystallographic Data for AGUO,)(SeQ)2 (1), K[(UO2)(HSeQ)(SeQ)] (2), Rb[(UO,)(HSeQ)(SeQ)] (3), Cs[(UQ,)(HSeQ)(SeQ)] (4),

TI(UO,)(HSeQ)(SeQ)] (5), and Pb(UQ)(SeQ). (6)

formula 1-Ag 2-K 3-Rb 4-Cs 5-Tl 6-Pb
formula mass 739.69 564.06 610.43 657.87 729.33 731.14
space group P2:/n (No. 14) P24/n (No. 14) P2:/n (No. 14) P2;/c (No. 14) P24/n (No. 14) Pma; (No. 26)
a(A) 5.8555(6) 8.4164(4) 8.4167(5) 13.8529(7) 8.364(3) 11.9911(7)
b (A) 6.5051(7) 10.1435(5) 10.2581(6) 10.6153(6) 10.346(4) 5.7814(3)
c(A) 21.164(2) 9.6913(5) 9.8542(5) 12.5921(7) 9.834(4) 11.2525(6)
o (deg) 90 90 90 90 90 90
p (deg) 96.796(2) 97.556(1) 96.825(1) 101.0940 97.269(8) 90
y (deg) 90 90 90 90 90 90
V (A3) 800.5(1) 820.18(7) 844.78(8) 1817.1(2) 844.1(6) 780.08(7)
z 4 4 4 4 4
T(°C) 20 —80 —80 20 20 20
2 (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Pealcd (g €T 3) 6.138 4.568 4.792 4.802 5.739 6.225
u(Mo Ka)) (cm™) 341.29 291.79 335.62 298.32 468.55 516.25
R(F)2 0.0526 0.0274 0.0286 0.0241 0.0222 0.0193
Ru(Fod)P 0.1347 0.0603 0.0748 0.0627 0.0511 0.0514

2R(F) = 2IIFol = IFell/Z|Fol. ® Ra(Fe?) = [ZIW(Fe? — Fe?)2/ 3 who*] M2

1:1:2. IR (KBr, cntl): »(U=0, U—0, Se=0) 901 (s), 888 (m, semiempirical absorption correction was applied on the basis of
sh), 839 (m), 825 (m, sh), 778 (s), 746 (s, sh), 705 (s), 633 (m). the intensities of symmetry-related reflections measured at different
TI[(UO 2)(HSeO,)(Sey)] (5). UO3 (217 mg, 0.759 mmol), SeO angular settings using SADABX.0Owing to the large absorption

(169 mg, 1.517 mmol), and TICI (364 mg, 1.517 mmol) were loaded coefficients for 5 and 6, face-indexed, analytical absorption
in a 23-mL PTFE-lined autoclave. Water (1.5 mL) was then added corrections were applied in XPREP prior to SADABS correctitis.
to the solids. The autoclave was sealed and placed in a box furnacefo accomplish this, individual shells of unmerged data were
and heated to 18%C. After 72 h, the furnace was cooled at®/h corrected analytically and exported in the same format. These files
to 23°C. The product consisted of a pale yellow solution over bright were subsequently treated by SADABS with -4 parameter of 0.
yellow needles of5. The mother liquor was decanted from the The program suite SHELXTL (v 5.1) was used for space group
crystals, which were then washed with water and methanol and determination (XPREP), structure solution (XS), and refinement
allowed to dry. Yield, 554 mg (quantitative yield based on U). EDX (XL).2° In compound®—5, the heavy atoms clearly dominate the
analysis for TI[(UQ)(HSeQ)(SeQ)] provided a TI/U/Se ratio of X-ray scattering, making the resolution of the hydrogen positions
1:1:2. IR (KBr, cmtY): »(U=0, U—0, Se=0) 894 (s), 872 (s, for the HSe@~ anions difficult and often unreliable. Only &
sh), 836 (m, sh), 804 (m, sh), 757 (s), 705 (s), 657 (s). was the hydrogen atom located with a high degree of confidence.
Pb(UO,)(SeQ), (6). UOs (367 mg, 1.283 mmol), SeQ285 The final refinements included anisotropic displacement parameters
mg, 2.566 mmol), and Pb(N§3 (849 mg, 2.566 mmol) were loaded for all atoms except hydrogen, and a secondary extinction parameter.
in a 23-mL PTFE-lined autoclave. Water (3 mL) was then added Some crystallographic details are listed in Table 1 1or6;
to the solids. The autoclave was sealed and placed in a box furnaceadditional details can be found in the Supporting Information.
and heated to 18%C. After 72 h, the furnace was cooled at®/h Diffuse Reflectance SpectraThe diffuse reflectance spectrum
to 23°C. The product consisted of a pale yellow solution over large of 6 was measured from 1800 to 200 nm using a Shimadzu UV3100
clusters of orange prisms 6fand yellow needles of USeQ). spectrophotometer equipped with an integrating sphere attachment.
The mother liquor was decanted from the crystals, which were then BaSQ was used as the standard. The Kubelkéonk function was
washed with water and methanol and allowed to dry. Crystas of used to convert diffuse reflectance data to absorbance spgctra.
were manually separated from WSeQ). Yield, 191 mg (20% Secord-Order NLO Measurements. Powder SHG measure-
yield based on U). EDX analysis for Pb((8eQ), provided a ments on ungraded polycrystalline Pb(l)(3eQ). (6) were
Pb/U/Se ratio of 1:1:2. IR (KBr, cm¥): »(U=0, U—0, and Se= performed on a modified Kurtz-NLO system using a 1064 nm light
0) 883(s, sh), 857 (s), 846 (s), 831 (s), 789 (m), 709 (s), 660 (s, source®! No index matching fluid was used in the measurements.
br). A detailed description of the apparatus has been publikhed.
Crystallographic Studies. Crystals of Ag(UO,)(SeQ). (1),
K[(UO2)(HSeQ)(SeQ)] (2), Rb[(UC,)(HSeQ)(SeQ)] (3), Cs-
[(UO)(HSeQ)(SeQ)] (4), TI[(UO2)(HSeQ)(SeQ)] (5), and Pb- SynthesesThe reactions of Ugwith SeQ in the presence
(UO,)(SeQ), (6) were mounted on glas§ fibers and aligned ona of AgNO;, KCI, RbCI, CsCl, TICI, or Pb(NG), at 180°C
Bruker SMART APEX CCD X-ray diffractometer. Intensity for 3 d in aqueous media results in the formation of,Ag

measurements were performed using graphite monochromated Mo, i}
Ka radiation from a sealed tube and a monocapillary. SMART was (U0:)(SeQ). (1), K[(UO2)(HSeQ)(SeQ)] (2), Rb[(UG,)

used for preliminary determination of the cell constants and data
collection control. For all compounds, the intensities of reflections
of a sphere were collected by a combination of 3 sets of exposures
(frames). Each set had a differefangle for the crystal, and each
exposure covered a range of Di& w. A total of 1800 frames
were collected with an exposure time per frame of 30 s.

For 1-6, determinations of |qtegral intensities and global cell (30) Wendlandt, W. W.: Hecht, H. GReflectance Spectroscapiter-
refinement were performed with the Bruker SAINT (v 6.02) science Publishers: New York, 1966.
software package using a narrow-frame integration algorithm. A (31) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.

Results and Discussion

(27) SADABSprogram for absorption correction using SMART CCD based
on the method of Blessing: Blessing, R. Acta Crystallogr.1995
Ab1, 33.

(28) Huang, F. Q.; Ibers, J. Anorg. Chem.2001, 40, 2602.

(29) Sheldrick, G. M.SHELXTL PC Version 5.0, An Integrated System
for Sobing, Refining, and Displaying Crystal Structures from Dif-
fraction Datg Siemens Analytical X-ray Instruments, Inc.: Madison,
WI,1994.
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(HSeQ)(SeQ)] (3), Cs[(UQy)(HSeQ)(SeQ)] (4), TI[(UO2)- FHAY
(HSeQ)(SeQ)] (5), or Pb(UQ)(SeQ): (6), respectively. The 00‘;.’\

estimated pressure in these reactions is 11.5 atm. All of these Se(l)
reactions are straightforward, and reduction of the selenite 06) o@r 06y

anion to selenium is not observed. Clearly, the reactions of oGy

. o : 4y
UO; and Se@with additional metal ions are general routes O_(-) O(%) u(1) A 'Se(2y
to mixed-metal U(VI) compounds. However, in some cases, o0& o) oG5y
the yields of desired compounds are less than ideal, owing | S

to the concomitant formation of uranyl selenite, ¥8eQ).° 003 Joz PP

A similar observation was also made in the syntheses of Se(2) Se(l) _Hom
alkali metal, alkaline-earth metal, main group, and transition 0(5)»/ \ \ H(1) ‘
metal uranyl iodate compounds, where the formation 0fUO ¢ 904)  206)

(103)2(H20) was ubiquitous:* We have not observed a rapid Figure 1. Fundamental building unit in AGUO)(SeQ) (1), K[(UO2)-

i i (HSeQ)(SeQ)] (2), Rb[(UO,)(HSeQ)(SeQ)] (3), Cs[(UO)(HSeQ)-
reaction of UQ with SeQ at room temperature. (SeQ)] (4), and TI[(UO,)(HSeQ)(SeQ)] (5) consisting of uranyl, UG,
Compound®—5 can be prepared in pure form in moderate cations coordinated by five bridging S¢O anions. 50% probability

to quantitative yields. However, we have been unable to ellipsoids are depicted.
preparel and6 without also forming UQ(SeQ). Attempts

were made to eliminate the formation of uranyl selenite by o __o

changing stoichiometry, scale, and water content (from 1 to |

3 mL) and by increasing the temperature from 180 to 200 \1/

°C. Product mixtures were still obtained in the syntheses of 7\

1 and 6. Fortunately, UQ(SeQ) can be easily manually -\"

separated froml and 6 owing to dramatic differences in et

crystal color and habit. For instance, compo#ifdrms large N [
orange clusters of crystals that can be separated from uranyl N /_J: & o0, o ;{
selenite with forceps. The synthesis ®freported in the i _ﬁ@j—,—; ya
Experimental Section is at twice the scale of the other ) N J® T © N
reactions to allow for accurate determination of yield and T N

for isolation of enough of the desired product to perform
subsequent spectroscopic analyses. In general, our bes'g 5 Twodd onal | selenite | found n 40y
H : H igure 2. wo-dimensional uranyl selenite layers tound in )-
crystallhzatlon resuIFs are obtalneq when less than 3 mL of (SeQ)> (1), K[(UO»)(HSeQ)(SeQ)] (2). Rb{(UO)(HSeQ)Seq)]
water is employed in these reactions. (3), Cs[(UQy)(HSeQ)(SeQ)] (4), and TI[(UGy)(HSe@)(SeQ)] (5). In 1,

Structures. Agy(UO2)(Sely), (1), K[(UO2)(HSeOs)- these layers are formulated g§(UO,)(SeQ);]2". In 2—5, half of the
(Se®)] (2), Rb[(UO2)(HSeD;)(Se®)] (3), Cs[(UOy)- sl_eilgnae gngnslja\n_a”?roltonat%d, yi?IcLin_g ? I?éer C(fmr?OSitic;&[dfOZ); g
(HSeO)(SeQ)] (4), and TI(UO2)(HSeO)(SeQ)] (5)- The (el el ¢ T Y oo, oo fhe focaie
structures ofi—5 are all based upon similar two-dimensional

2[(UO2)(SeQ)]> sheets that are separated by A¢™*, anions adopt bridging binding modes where they serve to
Rb*, Cs", or TI* cations, respectively, and will, therefore, Jink either two (Se(1)) or three (Se(2)) uranyl moieties and
be discussed together for the sake of brevity. The layersthereby create the two-dimensional networks observed in
observed irl and in2—5 have been previously observed in  these compounds. The layers foundSrare depicted in
[NH,]J[UOy(SeQ);]% and NH[UO,(HSeQ)(SeQ)],* re- Figure 2 and are used to represent those also foutd
spectively. However, onl®, 3, and5 are truly isostructural ~ These layers can be compared to the anionic sheet togology
with NH,[UO2(HSeQ)(SeQ)]. Compound4 actually has a  observed for K[(UO,)(MoO,)]3* where one of the vertices
Z value of 8 instead of 4 as found for the other compounds of the MoQ?~ tetrahedra is removed to yield the trigonal
with this formula. In this compound, there are two crystal- pyramids of Seg¥ .
lographically unique UgF" centers, two Se@™ anions, and Charge neutrality requirements require that half of the
two HSeQ!~ anions. Compound is not isostructural with selenite anions ir2—5 be protonated to provide a layer
[NH 4] JUO2(SeQ),] owing to substantial differences in the composition of 2[(UO,)(HSeQ)(SeQ)]*~.3 The protona-
coordination requirements of the cations separating the layerss;on of these sites is probably due to the large size of the
The layers inl—5 consist of uranyl, Ug", units thatare .+ Ryt Csf, and TI cations, which cannot be packed close
coordinated by five selenite, S¢D, anions in the equatorial  g5,gh together to sufficiently balance localized charges

plane as shown in Figure 1. This createsAf@ntagonal \yithin the layers. Fortunately, discerning the location of these
bipyramidal coordination environments around the U(V1) protonated selenite anions is reasonably trivial. First, half

centers, which is the most commonly observed geometry for ¢ e selenite anions are triply bridging and can therefore
hexavalent uranium in hydrothermal chemistry. The selenite ,: accommodate protons. The other selenite anions only
(32) Koshenlinna, M.; Mutikainen, I.; Leskelae, T.; Leskela,Adta Chem.

Scand.1997, 51, 264. (34) Sadikov, G. G.; Krasovskaya, T. I.; Polyakov, Y. A.; Nikolaev, V. P.
(33) Koshenlinna, M.; Valkonen, Acta Crystallogr.1996 C52, 1857. Inorg. Mater.1988 24, 91.

&=U =8Se ©=0 ==H
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Table 2. Se-O Bond Distances (A) and Bond Valence Sum (BVS)
Values for the Selenite Oxygen Atoms in K[(UTHSeQ)(SeQ)] (2),
Rb[(UOy)(HSeQ)(SeQ)] (3), Cs[(UQy)(HSeQ)(SeQ)] (4), and
TI(UO2)(HSeQ)(SeQ)] (5)

KI(UO2)(HSeQ)(SeQ)] (2) Rb[(UO,)(HSeQ)(SeQ)] (3)
distance BVS distance BVS
Se(1)-O(1) 1.765(4) 1.13(OH) Se(3¥)0O(1) 1.768(4) 1.12 (OH)
Se(1>0(2) 1.672(4) 1.98 Se(HO(2) 1.675(4) 1.98
Se(1)-O(6) 1.667(4) 1.98 Se(H)O(6) 1.655(4) 2.02
Se(2)-O(3) 1.701(4) 1.93 Se(20(3) 1.693(4) 1.94
Se(2»-0(4) 1.693(4) 1.93 Se(2)0(4) 1.696(4) 1.92 £
Se(2)-O(5) 1.688(4) 1.87 Se(20(5) 1.696(4) 1.85 ©=U ©=Ag =8Se o= N
Figure 3. Three-dimensional network structure of AJ0O,)(SeQ)2 (1)

Cs[(UOy)(HSeQ)(SeQ)] (4) TI(UO2)(HSeQ)(Seq)] (5) showing 2[(UO.)(SeQ);]2~ layers being joined by two crystallographi-
Se(11O(1) 1.747(4) 1.19 (OH) Se(®O(1) 1.765(4) 1.13 (OH) cally unique Ag cations that form covalent bonds with the terminal oxo
Se(1>0(2) 1.654(4) 2.08 Se(HO(2) 1.670(4) 1.98 atoms from the selenite anions.
Se(1)-O(3) 1.670(4) 1.99 Se(H)O(6) 1.672(4) 1.94
Se(2y-0(4) 1.776(4) 1.10 (OH) Se(20(3) 1.702(4) 1.89 & Se(2y’
Se(2-0(5) 1.666(4) 1.99 Se(2)0(4) 1.693(4) 1.92 Se(3)" 6, Se(1)”
Se(2)-O(6) 1.664(4) 2.00 Se(2)0(5) 1.706(4) 1.80
Se(3)-O(7) 1.669(4) 2.01 ®0(5) & 1y
Se(31-0(8) 1.688(4) 1.89 552) f TON" ey

Se(3-0(9) 1.723(4) 1.82 < 0(7)
Se(4)-0(10) 1.698(4) 1.89 o \;%LJELA/ \l
o6 o

Se(4y-0O(11) 1.699(4) 1.87 04 o) “06)y

Se(4y-0(12) 1.696(4) 1.85 / K 0(9)
0(3)--\ \1

bridge two uranyl centers and have one terminal oxo group. 02)

In compoundl, for example, there is little variation in Se Se(1)

O bond distance regardless of coordination mode, witk Se 0(})4

O bond distances ranging from 1.693(7) to 1.720(6) A. In Figure 4. Fundamental building unit in Pb(UftSeQ) (6) consisting of

4, there are two crystallographically unique triply bridging uranyl, UG?*, cations coordinated by three bridging S&Oanions that

selenite ligands and two unique anions that are doubly alcli_opt bc(i)th brio(ljging ar:jd chelating/bridging binding modes. 50% probability

bridging. The former ligands have S© bond distances that ellipsoids are depicted.

range from 1.669(4) to 1.723(4) A. The doubly bridging cations. The cations, therefore, actually join the layers

anions, however, have S© bond distances that range from together to create a three-dimensional network structure,

1.654(4) to 1.747(4) A for Se(1) and from 1.664(4) to 1.776- which is depicted in Figure 3. AQJO,)(SeQ). contains two

(4) A for Se(2). In both cases, the longest distance is to the crystallographically unique silver atoms. Both silver atoms

nominally terminal oxo atom. form distorted low-coordinate geometries. For Ag(1), there
On the basis of these data, we postulate that the longes@re two short Ag-O bonds of 2.292(8) and 2.269(7) A and

Se-0 bonds indicate the sites of protonation. In the case of One long interaction of 2.578(7) A forming an approximate

4, the protonated oxygen atoms are O(1) and O(4). Thesetrigonal planar environment. Ag(2) also resides in a distorted

arguments were used to predict the location of the hydrogentrigonal planar environment with three short AQ bonds

atoms in2—5, and from difference maps, the hydrogen atom ranging from 2.269(7) to 2.380(7) A. However, there is an

was indeed observed B Further support for the formula  additional long Ag--O contact of 2.578(8) A. Bond distances

assignments in these compounds are found in the bondfor 1—5are available in the Supporting Information CIF files.

valence sums for the U atoms in-5, which have values Pb(UO,)(SeQ): (6). The structure 06 while still contain-
that range from 5.90 to 5.9853%Se-0 bond distances and  INg @ two-dimensional uranyl selenite substructure is sub-

are summarized in Table 2. These sums are consistent withimportant difference is the change in the manner in which

atoms. of simply bridging uranyl moieties, the selenite ligands

chelate and bridge between these centers, creating the

The final topic of discussion for compounds-5 is the "I~ ' ov t
coordination modes for the metal cations that serve to fundamental building unit shown in Figure 4. However, as

separate the uranyl selenite layers2#s, the K+, Rb, Cs", in 1, the countercatione cannot be neglected as they form
and TI* cations form only long ionic contacts with surround- SNOrt covalent bonds with both the terminal oxo groups from
ing oxygen atoms, and therefore, these structures can pdhe selenite anions and the 0X0 group of the urz_inyl m0|et|es.
treated as two-dimensional. Compouhchowever, cannot There are two crystallographically unique®Plzations in6.

be treated as a truly low-dimensional compound because the20th of these cations are found in Pb@istorted square
selenite anions form strong covalent bonds with the" Ag pyramidal coordination environments that indicate the pres-
ence of a stereochemically active lone pair of electrons. These

(35) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 244. polyhedra are shown in Figure 5. As expected, the bonds
(36) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991, B47, 192. formed with the uranyl moieties are significantly longer than
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Almond and Albrecht-Schmitt
D O(S)
s OO
5@)’ PI;(:.]) (;(E;)
@0
00y 0(9)
SO —=""00)
Pb(2)

Figure 5. PbG; distorted square pyraminds in Pb(k)(5eQ); (6). 50%
probability ellipsoids are depicted.

Figure 6. Alignment of the Pb@ distorted square pyraminds along the
c-axis in Pb(UQ)(SeQ): (6).

Table 3. Selected Bond Distances (A) for Pb(l(5eQ) (6) 07

Pb(1-O(4)  2.368(5) U(1)-0(9) 2.224(6)

Pb(1-O(11)  2.388(8) U(1r0(12) (U=0)  1.794(6) 06
Pb(1)-O(12) 2.708(6) 2) U(1)-O(13) (U=0) 1.796(5)

Pb(2-0(2)  2.439(5) &2) Se(1)}-O(3) 1.704(5) 05
Pb(2-0O(5)  2.32(1) Se(BH0(11) 1.673(8) k2) S
Pb(2-0O(13) 2.683(5)k2) Se(2-O(1) 1.689(5) < os
U(1)—0(1) 2.269(5) Se(2y0(2) 1.700(5) g
U(1)—0(2) 2.461(5) Se(2y0(4) 1.721(5) 205
U(1)—0(3) 2.326(5) Se(3y0(5) 1.671(8) 2
U(1)—0(4) 2.431(5) Se(3y0(9) 1.691(7) &2) <
those with the selenite anions. The-RB bonds range from ol 4
2.32(1) to 2.439(5) A for bonds to selenite and are 2.683(5)

and 2.708(6) A for interactions between the uranyl units and 0 ' ' ' ' ' ' '
200 400 600 800 1000 1200 1400 1600 1800

P*. Selected bond distances férare given in Table 3. Wavelength (um)

The bond valence sum for the U atom@ris 6.10%:%536 Fi ) ,
. igure 7. Diffuse reflectance spectrum of Pb(U)(BeQ). (6) showing

As indicated by thé®m; space group, Pb(Uf{SeQ). absorption bands at 330 and 440 nm. Both of these transitions show fine
has a polac-axis. Figure 6 demonstrates that the polarity in structure, and the latter is responsible for the orange coloratién of
this structure is due to alignment of Pb@blyhedra and not ¢,nains fine structure with 16 crh separations between
the selenite anions. Therefore, the hydrothermal synthesis, i rgnic transitions. The transition at 330 nm also contains
of 6 represents our first successful synthesis of a polar uranyl-gine structure, but these transitions are more difficult to
containing compound that utilizes@, ligand. This work  raso1ve from one another. It is well-known that most uranyl-

is built upon the hypothesis of utilizing two different metal ;o aining compounds emit green light when irradiated with
centers with stereochemically active lone pairs of electrons long wavelength UV lighB83° These transitions have been

within a s.ingle compound to create polar str.uctL}Peéﬁ completely assigned in @30,Cl, by Denning et af? It is,

A key difference between the layers found in these uranyl yerefore, reasonable to speculate that this transition is due
selenites with those observed in uranyl iodates is the notabley, 4psorption by the uranyl centers. The second transition at
absence ofus-0x0 or ug-hydroxo groups in the selenite 440 nm which tails off to approximately 530 nm, is
compounds. This divergence in chemistry is most likely due responsible for the orange coloration &f
to the differences in coordination ability of selenite versus g, analyzing the SHG response, the fact tabes not
iodate with the former probably being a better donor ligand. 4p¢0rp light to an appreciable degree at 1064 or 532 nm is

The preferential binding of iodate and selenite to the uranyl important. Therefore, second-harmonic generation (SHG)

centers over competing anions present in these reactions, fof,aasurements were performed@unsing a modified Kurtz-

example, chloride, is a reflection of the highly oxophilic o system with a 1064 nm light source on powders ground

i 38

nature of hexavalent uraniufh: , from crystals of6. Generation of SHG light of 532 nm was
Optical Properties of Pb(UO,)(SeQ). (6). The optical  c4refylly measured, and these studies indicated a small

properties of6 were examined in detail to explore potential egponse of 5 o-quartz. Even though this response is quite

uses of this compound as a nonlinear optical material given small, these measurements do confirm our assignmeit of

its crystallization in a polar space group. The diffuse ;, 4 noncentrosymmetric space group.
reflectance spectrum o8, shown in Figure 7, is quite

interesting. First, there are two optical transitions at ap- Conclusions

proximately 330 and 440 nm. The transition at 440 nm In this study, we have demonstrated the viability of the

(37) Weigel, F. InThe Chemistry of the Actinide Elementatz, J. J., selenite anion for use in the syntheses of mixed-metal and
Seaborg, G. T., Morss, J. R., Eds.; Chapman and Hall: London, 1986;
Chapter 5. (39) Denning, R. G.; Norris, J. O. W.; Short, I. G.; Snellgrove, T. R,;
(38) Carnall, W. T.; Crosswhite, H. M. Ifthe Chemistry of the Actinide Woodwark, D. R. InLanthanide and Actinide Chemistry and
Elements Katz, J. J., Seaborg, G. T., Morss, J. R., Eds.; Chapman SpectroscopyEdelstein, N. M., Ed.; ACS Symposium Series 131;
and Hall: London, 1986; Chapter 16. American Chemical Society: Washington, DC, 1980; Chapter 15.
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low-dimensional uranium phases. These studies further showversity of Houston) for the SHG measurements. The authors
that selenite has a strong tendency for forming covalent bondsalso wish to thank Mutlu Kartin (Clemson University) for

with PB?*, which was not observed in uranyl iodate assistance in obtaining the diffuse reflectance spectrum of
chemistry® The use of a second metal center with a g,

stereochemically active lone pair of electrons has indeed
proven to be the solution to the successful synthesis of a  g,pporting Information Available: X-ray crystallographic files

pqlgr ur.anyl-containing' compound whe@, anions are  for Ag,(UO,)(SeQ), (1), K[(UO,)(HSeQ)(SeQ)] (2), Rb[(UO,)-

utilized in the construction of extended structures. (HSeQ)(SeQ)] (3), Cs[(UQ,)(HSeQ)(SeQ)] (4), TI[(UOy)-
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