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Two new layered uranyl selenites, [C4H12N2]0.5[UO2(HSeO3)(SeO3)] (1) and [C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚
0.5H2O‚0.5CH3CO2H (2), have been isolated from mild hydrothermal reactions. The preparation of 1 was achieved
by reacting UO2(C2H3O2)2‚2H2O with H2SeO4 in the presence of piperazine at 130 °C for 2 d. Crystals of 2 were
synthesized by reacting UO2(C2H3O2)2‚2H2O, H2SeO4, and 1,4-diazabicyclo[2.2.2]octane at 150 °C for 2 d. The
structure of 1 consists of UO2

2+ cations that are bound by bridging HSeO3
- anions and chelating/bridging SeO3

2-

anions to yield UO7 pentagonal bipyramids. The joining of the uranyl moieties by the hydrogen selenite and selenite
anions creates two-dimensional ∞

2 [UO2(HSeO3)(SeO3)]- layers that extend in the bc-plane. The stereochemically
active lone pair of electrons on the HSeO3

- and SeO3
2- anions align along the a-axis making each layer polar.

The ∞
2 [UO2(HSeO3)(SeO3)]- layers and piperazinium cations stack in a AA′BAA′B sequence where two layers

stack on one another without intervening piperazinium cations. While each ∞
2 [UO2(HSeO3)(SeO3)]- layer is polar,

in the AA′ stacking, the polarity of the second sheet is reversed with respect to the first, yielding an overall structure
that is centrosymmetric. The structure of 2 is constructed from uranyl cations that are bound by three bridging
SeO3

2- and two bridging HSeO3
- anions to create UO7 pentagonal bipyramids. The linking of the uranyl cations

by the HSeO3
- and SeO3

2- anions creates ∞
2 [UO2(HSeO3)(SeO3)]- layers that extend in the ac-plane. In 1 and

2, the organic ammonium cations form hydrogen bonds with the anionic uranyl selenite layers. Crystallographic
data: 1, monoclinic, space group P21/c, a ) 10.9378(5) Å, b ) 8.6903(4) Å, c ) 9.9913(5) Å, â ) 90.3040(8)°,
Z ) 4; 2, orthorhombic, space group Pnma, a ) 13.0858(8) Å, b ) 17.555(1) Å, c ) 10.5984(7) Å, Z ) 8.

Introduction

Oxoanions possessing a stereochemically active lone pair
of electrons have a propensity for aligning in the solid state
to yield polar structures.1-3 This attribute gives rise to a
number of important physical properties including second-
harmonic generation (SHG) and ferroelectric behavior.1-3 A
large number of main group elements are capable of
exhibiting the inert pair effect and can therefore be incor-

porated into oxoanions used in the construction of solids with
noncentrosymmetric (NCS) extended structures. Pb(II), Se-
(IV), Te(IV), and I(V) are particularly promising in this
regard because in addition to forming relatively stable oxo
species, large polarizabilities are observed in their bonds
leading to enhancement of SHG responses. On the basis of
these attributes, considerable efforts have been devoted to
preparing purely inorganic selenites, SeO3

2-, tellurites,
TeO3

2-, and iodates, IO3-, particularly in combination with
early transition metals that are susceptible to second-order
Jahn-Teller distortions, and to determining the structure-
property relationships in these compounds. Examples of this
family include AVSeO5 (A ) Rb, Cs),4 A(VO)3(SeO3)2 (A
) NH4, K, Rb, Cs),4,5 A2(MoO3)3SeO3 (A ) NH4, Rb, Cs,
Tl),6-8 REMoO2(IO3)4(OH) (RE ) La, Nd, Sm, Eu),9
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AMoO3(IO3) (A ) Rb, Cs),10 A[(VO)2(IO3)3O2] (A ) NH4,
Rb, Cs),11 and Na2TeW2O9.12 The latter four compounds have
been shown to have large SHG responses ranging from 350
to 500× that of R-quartz.9-12

Quite recently several reports have appeared that demon-
strate that inorganic cations can be replaced with organic
structure-directing agents in the preparation of novel transi-
tion metal selenites. For instance, the aqueous reaction of
guanidinium carbonate with ZnO and SeO2 results in the
crystallization of [CN3H6]4[Zn3(SeO3)5], which contains
porous zinc selenite layers.13 An organic-inorganic hybrid
zinc selenite, [C2H8N2]0.5ZnSeO3, is also known.14 However,
here the ethylenediamine is not protonated and instead
directly coordinates the Zn(II) centers to aid in the formation
of a layered structure. Open-framework iron fluoroselenites
with the general formula [A][Fe2F3(SeO3)3] (A ) [C4H12N2]0.5

or [C4H14N3]0.5]) have also been prepared and show magnetic
spin frustration.14 Vanadium selenites with organic cations
are proving to be particularly rich, and a variety of molecular
and extended structures are now recognized that range from
small polyoxometalates such as [(C4H9)4N]3[V 3SeO11]‚
0.5H2O15 to two-dimensional, vanadyl(IV) and vanadyl(V)
selenites with organic structure-directing agents16 and to the
layered bimetallic compound [Cu(Phen)2]2V2Se2O11, where-
[Cu(Phen)]2+ units are used to link vanadium selenite
substructures together.17 All of these compounds are cen-
trosymmetric.

We have been addressing the role that the stereochemically
active lone pair of electrons in certain oxoanions plays in
the formation of a variety of actinyl(V) and actinyl(VI)
compounds and thus far have prepared more than 30 uranyl
iodates,18 selenites,19 and tellurites.20 It is interesting to note

that from this group only PbUO2(SeO3)2,19a NpO2(IO3),21

AnO2(IO3)2‚H2O (An ) Np, Pu),18h,i and Na8[(UO2)6-
(TeO3)10]20a are NCS. This attribute can be ascribed to the
approximately linear nature of the actinyl cation that allows
it to be placed on inversion centers if AnO6 and AnO8

tetragonal or hexagonal bipyramids are formed; even in the
case of the more common AnO7 pentagonal bipyramid, two
such units are often related to one another through an
inversion center.20a Therefore, NCS structures containing
actinyl cations are atypical22 but even in the absence of polar
anions are still known, as demonstrated by Cs2(UO2)[(UO2)-
(PO4)]4(H2O)2, which crystallizes in the polar space group
Cmc21.23

Despite the centrosymmetric nature of most actinyl
compounds with oxoanions containing nonbonding electrons,
these electrons can still play critical roles in determining the
dimensionality of uranyl phases. For instance, while most
uranyl compounds adopt layered structures,22 the majority
of uranyl iodates form one-dimensional chains.18 This also
true of many naturally occurring and synthetic uranyl
selenite19,24and tellurite20,25phases such as Cu4[(UO2)(SeO3)2]-
(OH)624a and Pb2Cu5[(UO2)(SeO3)3]2(OH)6(H2O)2,24b where
one-dimensional uranyl selenite chains are observed. It is
also important to recognize that the lone pair sometimes plays
no apparent role at all, as is the case in some uranyl phases
that contain Tl(I)18a,c or Pb(II).18a,18c,26In these compounds,
the main group cations are acting as pseudo-alkali and
alkaline-earth metals and in some instances form isostructural
series with cations that have the same charge and ap-
proximate ionic radius.18a,cThis implies that the lone pair is
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unimportant in these phases in regard to the adoption of one
structure type over another.

In an effort to further understand what role the stere-
ochemically active lone pair of electrons on selenite anions
plays in the formation of uranyl selenite compounds, we have
expanded our efforts to include the use of aliphatic am-
monium salts as counterions and have successfully prepared
the first uranyl selenites that incorporate such organic
structure-directing agents. These cations offer the advantage
of increased size and structural versatility over alkali,
alkaline-earth, and main group cations and are also capable
of forming hydrogen bonds that may influence structure
formation. Herein we report the hydrothermal syntheses and
structures of the two-dimensional uranyl selenites [C4H12N2]0.5-
[UO2(HSeO3)(SeO3)] (1) and [C6H14N2]0.5[UO2(HSeO3)-
(SeO3)]‚0.5H2O‚0.5CH3CO2H (2).

Experimental Section

Syntheses.UO2(C2H3O2)2‚2H2O (98.0%, Alfa-Aesar), H2SeO4

(40% aqueous solution, Alfa-Aesar), piperazine (99%, Aldrich), and
1,4-diazabicyclo[2.2.2]octane (DABCO) (98%, Aldrich) were used
as received. Distilled and Millipore-filtered water was used in all
reactions. The resistance of the water was 18.2 MΩ. The PTFE
liners used in these reactions were heated with distilled and
Millipore-filtered water at 200°C for 3 d prior to use.While the
UO2(C2H3O2)2‚2H2O contains depleted U, standard precautions for
handling radioactiVe materials should be followed. Old sources of
depleted U should not be used, as the daughter elements of natural
decay are highly radioactiVe and present serious health risks.27

SEM/EDX analyses were performed using a JEOL 840/Link Isis
instrument. IR spectra were collected on a Nicolet 5PC FT-IR
spectrometer from KBr pellets.

[C4H12N2]0.5[UO2(HSeO3)(SeO3)] (1). UO2(C2H3O2)2‚2H2O (178
mg, 0.419 mmol), H2SeO4 (1 mL, 9.73 mmol), and piperazine (100
mg, 1.13 mmol) were loaded in a 23-mL PTFE-lined autoclave
followed by the addition of 3 mL of water. The autoclave was sealed
and placed in a preheated furnace for 2 d at 130°C. The furnace
was cooled at 9°C/h to 23°C. The solid product consisted of yellow
tablets of1. The mother liquor was decanted from the crystals,
and they were subsequently washed with methanol and allowed to
dry. Yield: 190 mg (80% yield based on U). EDX analysis for1
provided a U:Se ratio of 1:2. Anal. Calcd for C2H8N2O8Se2U: C,
4.23; H, 1.14; N, 2.46. Found: C, 4.31; H, 1.22; N, 2.45. IR (KBr,
cm-1): 909 (ν3[uranyl], s), 860 (ν1[uranyl], m), 814 (νSeO, m, sh), 800
(νSeO, m), 734 (νSeO, s), 581 (δSeO, m), 476 (δSeO, s).

[C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3CO2H (2).
UO2(C2H3O2)2‚2H2O (178 mg, 0.419 mmol), H2SeO4 (1 mL, 9.73
mmol), and 1,4-diazabicyclo[2.2.2]octane (100 mg, 0.875 mmol)
were loaded in a 23-mL PTFE lined autoclave. A 3 mL volume of
water was then added. The autoclave was sealed and placed in a
preheated furnace for 2 d at 150°C. The furnace was cooled at 9
°C/h to 23°C. The solid product consisted of yellow prisms of2.
The mother liquor was decanted from the crystals, and they were
subsequently washed with methanol and allowed to dry. Yield: 150
mg (58% yield based on U). EDX analysis for2 provided a U:Se
ratio of 1:2. Anal. Calcd for C4H11NO9.5Se2U: C, 7.73; H, 1.79;
N, 2.26. Found: C, 6.97; H, 1.69; N, 2.55. Acceptable CHN

analyses were not obtained because of a small amount of elemental
Se coating on bulk samples of crystals. IR (KBr, cm-1): 904
(ν3[uranyl], s), 876 (ν1[uranyl], m), 778 (νSeO, m), 712 (νSeO, s), 655
(νSeO, w, br), 490 (δSeO, m), 454 (δSeO, m).

Crystallographic Studies.Crystals of [C4H12N2]0.5[UO2(HSeO3)-
(SeO3)] (1) and [C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3-
CO2H (2) were mounted on glass fibers and aligned on a Bruker
SMART APEX CCD X-ray diffractometer. Intensity measurements
were performed using graphite-monochromated Mo KR radiation
from a sealed tube and a monocapillary. SMART was 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 differentφ angle for the crystal, and each exposure
covered a range of 0.3° in ω. A total of 1800 frames were collected
with an exposure time per frame of 60 s for1 and 30 s for2.

For 1 and2, determination of integral intensities and global cell
refinement were performed with the Bruker SAINT (v 6.02)
software package using a narrow-frame integration algorithm. A
faced-indexed analytical absorption correction was initially applied
using XPREP.28 Individual shells of unmerged data were corrected
analytically and exported in the same format. These files were
subsequently treated with a semiempirical absorption correction by
SADABS29 with a µ‚t parameter of 0.30 The program suite
SHELXTL (v 5.1) was used for space group determination
(XPREP), direct methods structure solution (XS), and least-squares
refinement (XL).28 The final refinements included anisotropic
displacement parameters for all non-hydrogen atoms and a second-
ary extinction parameter. Some crystallographic details are listed
in Table 1. Additional details can be found in the Supporting
Information.

Results and Discussion

Syntheses.As noted by Rao and co-workers,16 the primary
challenge in preparing selenites with structure-directing
amines is that the latter are reducing and the selenate/selenite

(27) In our laboratory, uranium starting materials are stored in a gloVebox
or Vented drawer until needed. All manipulations are carried out while
we are wearing gloVes and eye protection. All products are stored in
a fume hood solely designated for radioactiVe materials.
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WI, 1994.
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Table 1. Crystallographic Data for [C4H12N2]0.5[UO2(HSeO3)(SeO3)]
(1) and [C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3CO2H (2)

param 1 2

color and habit yellow tablet yellow prism
formula mass (amu) 568.03 621.09
space group P21/c (No. 14) Pnma(No. 62)
a (Å) 10.9378(5) 13.0858(8)
b (Å) 8.6903(4) 17.555(1)
c (Å) 9.9913(5) 10.5984(7)
R (deg) 90 90
â (deg) 90.3040(8) 90
γ (deg)) 90 90
V (Å3) 949.69(8) 2434.7(3)
Z 4 8
T (°C) -80 -80
λ (Å) 0.710 73 0.710 73
Fcalcd(g cm-3) 3.973 3.389
µ(Mo KR) (cm-1) 247.77 193.54
R(F) for Fo

2 > 2σ(Fo
2)a 0.0194 0.0297

Rw(Fo
2)b 0.0515 0.0619

a R(F) ) Σ||Fo| - |Fc||/Σ|Fo|. b Rw(Fo
2) ) [Σ[w(Fo

2 - Fc
2)2]/ΣwFo

4]1/2.
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anions can act as oxidizing agents. Therefore, substantial
amine oxidation and decomposition is expected to occur
under hydrothermal conditions. The syntheses of the present
uranyl selenites containing structure-directing amines,
[C4H12N2]0.5[UO2(HSeO3)(SeO3)] (1) and [C6H14N2]0.5[UO2-
(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3CO2H (2), were achieved by
running the appropriate reactions at relatively low temper-
atures for reduced durations compared to what we typically
employ. The synthesis of1 was accomplished by reacting
UO2(C2H3O2)2‚2H2O with H2SeO4 in the presence of pip-
erazine at 130°C for 2 d, and2 was prepared by substituting
piperazine with 1,4-diazabicyclo[2.2.2]octane (DABCO) and
increasing the temperature to 150°C.

There are only small changes in pH that occur during the
preparation of1 and2. The initial pH of the reaction mixture
that leads to the formation of1 is 1.18, while the pH of the
final mother liquor is 1.27. Likewise, the pH of the reaction
that yields2 only changes from an initial pH of 1.13 to a
final pH of 1.29. Both preparations were temperature
sensitive, and1 was not isolated from reactions that were
run above 130°C, whereas crystals of2 can still be grown
from reactions with temperatures up to 150°C. Presumably
the increased stability of DABCO with respect to piperazine
under oxidizing conditions accounts for this observation.16

Furthermore, unlike the preparation of purely inorganic
uranyl selenites, which calls for the use of SeO2,19 both 1
and2 only formed when selenic acid was used as a source
of selenite. Similar observations were made in the preparation
of uranyl,18h,i molybdenyl,10 and vanadyl iodates,11 where
metaperiodate, IO4-, had to be used as a precursor to IO3

-.
The vanadyl selenite, [DABCOH2]0.5[(VO)(HSeO3)(SeO3)]‚
H2O, was also prepared by using H2SeO4 as the source of
SeO3

2-.16

Structures. [C4H12N2]0.5[UO2(HSeO3)(SeO3)] (1). The
uranyl, UO2

2+, cations in1 are bound by bridging HSeO3-

anions and chelating/bridging SeO3
2- anions to yield a UO7

pentagonal bipyramid as shown in Figure 1. As expected,
the uranyl cations are approximately linear with an OdUd
O angle of 177.5(1)°, and there are two short UdO distances
of 1.783(3) and 1.784(3) Å (Table 2). The remaining five

U-O distances in the equatorial plane range from 2.299(3)
to 2.458(3) Å and are within normal limits. The bond valence
sum for the U atom in1 is 5.90, which is consistent with
U(VI).22aThe assignments of the HSeO3

- and SeO32- anions
in 1 are based on several factors. First, the selenite anions
containing Se(2) utilize all three oxygen atoms to coordinate
U(VI) centers. Second, the Se-O bonds around Se(2) are
reasonably uniform and vary only from 1.680(3) to 1.708-
(3) Å. In contrast, the [SeO3] unit containing Se(1) only uses
two of its oxo atoms to bind uranium, and the remain oxo
atom is terminal. The Se-O bond distance to the nominally
terminal oxygen atom is 1.749(3) Å, which is substantially
longer than the other two Se-O bonds of 1.697(3) and 1.680-
(3) Å. Finally, the bond valence sum of this oxygen atom is
1.20.31,32 All of these factors, as well as charge neutrality
requirements, support this being an HSeO3

- anion.
The joining of the uranyl moieties by the hydrogen selenite

and selenite anions creates two-dimensional∞
2 [UO2-

(HSeO3)(SeO3)]- layers that extend in thebc-plane. Part of
one of these layers is illustrated in Figure 2. As can be seen
in this figure, fused rings are found within the sheets that
are created from four uranium centers, two HSeO3

- anions,
and two SeO32- anions. The selenite anions share a common
uranium atom, as do the two hydrogen selenite anions. When
compared with other known uranyl selenites with layered
uranium oxide topologies, it becomes apparent that the sheets
found in 1 bear some similarities with Pb[UO2(SeO3)2],19a

but are quite distinct from A[(UO2)(HSeO3)(SeO3)] (A )
NH4, K, Rb, Cs, Tl),19,24iBa[UO2(SeO3)2],19b and the minerals
guilleminite, Ba[(UO2)3(SeO3)2O2](H2O)3,24c and marthozite,
Cu[(UO2)3(SeO3)2O2](H2O)8,24d that also adopt layered struc-
tures. Ba[UO2(SeO3)2] also contains layers formed from fused

(31) Brown, I. D.; Altermatt, D.Acta Crystallogr.1985, B41, 244.
(32) Brese, N. E.; O’Keeffe, M.Acta Crystallogr.1991, B47, 192.

Figure 1. UO7 pentagonal bipyramid in [C4H12N2]0.5[UO2(HSeO3)(SeO3)]
(1) formed from the ligation of a UO22+ cations by bridging HSeO3- and
chelating/bridging SeO32- anions. The 50% probability ellipsoids are
depicted.

Table 2. Selected Bond Distances (Å) for [C4H12N2]0.5[UO2(HSeO3)-
(SeO3)] (1)

U(1)-O(1) 2.385(3) Se(1)-O(1) 1.697(3)
U(1)-O(2) 2.358(3) Se(1)-O(2) 1.680(3)
U(1)-O(4) 2.458(3) Se(1)-O(3) 1.749(3) (OH)
U(1)-O(5) 2.440(3) Se(2)-O(4) 1.704(3)
U(1)-O(6) 2.299(3) Se(2)-O(5) 1.708(3)
U(1)-O(7) (UdO) 1.783(3) Se(2)-O(6) 1.680(3)
U(1)-O(8) (UdO) 1.784(3)

Figure 2. View down thea-axis showing the two-dimensional∞
2 [UO2-

(HSeO3)(SeO3)]- layers that extend in thebc-plane in [C4H12N2]0.5[UO2-
(HSeO3)(SeO3)] (1). The stereochemically active lone pair of electrons on
both the HSeO3- and SeO32- anions are aligned along thea-axis.
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uranyl selenite rings. However, these rings contain six uranyl
cations and six SeO32- anions. Pb[UO2(SeO3)2], on the other
hand, does contain four uranyl moieties and four selenite
anions in a ring, as found in1. However, the chelating/
bridging and solely bridging selenite anions in Pb[UO2-
(SeO3)2] alternate within the ring, which does not occur in
1. We have also compared the sheets in1 with other known
uranyl phases with sheet topologies based on pentagons and
triangles and have not found an identical structure.22c,33We
therefore conclude that1 has a new anionic uranyl sheet
topology.

The stacking arrangement of the∞
2 [UO2(HSeO3)(SeO3)]-

layers and piperazinium cations in1 is quite unusual for a
layered uranyl structure in that alternating cations and uranyl-
containing layers are not found. Rather two layers stack on
one another without intervening piperazinium cations to yield
an AA′BAA ′B sequence as shown in Figure 3. The distance
between uranium planes separated by piperazinium cations
is 6.256(3) Å, while the direct stacking distance is 4.682(3)
Å. The piperazinium cations form hydrogen-bonding interac-
tions of 2.83(5) and 2.82(5) Å between N(1) and O(3) of

the hydrogen selenite and O(4) of the selenite anions to stitch
the structure together. An examination of an individual

∞
2 [UO2(HSeO3)(SeO3)]- layer shows that the selenite and
hydrogen selenite anions are aligned with their stereochemi-
cally active lone pair of electrons pointed toward one side
of the sheet, making each sheet polar. However, in the AA′
stacking, the polarity of the second sheet is reversed with
respect to the first, yielding an overall structure that is
centrosymmetric.

[C6H14N2]0.5[UO2(HSeO3)(SeO3)] ‚0.5H2O‚0.5CH3-
CO2H (2). The structure of2 is constructed from uranyl,
UO2

2+, cations that are bound by five bridging SeO3
2- anions

to create UO7 pentagonal bipyramids as shown in Figure 4.
The uranyl cations are approximately linear with OdUdO
angles of 177.7(2)°, and the uranyl oxo distances are 1.786-
(4) and 1.788(4) Å (Table 3). The U-O distances in the
pentagonal plane are typical and range from 2.312(4) to
2.451(4) Å. The bond valence sum for the U atom in2 is
5.94, which is consistent with U(VI).22a

There are two types of bridging selenite anions in2,
although neither is chelating as found in1. The selenite anion
containing Se(1) uses all three of its oxygen atoms to bridge
between three uranium centers. The second selenite anion
containing Se(2) only uses two of its oxygen atoms to bind
two uranyl cations. The remaining oxygen atom on Se(2) is
terminal and with a Se-O bond distance of 1.771(4) Å is
much longer than the average of the remaining Se-O
distances of 1.677(4) Å. Furthermore, the bond valence sum
of the terminal oxygen atom is 1.11, which when combined
with the long Se-O bond distance leads us to conclude that
that this oxygen atom is protonated.31,32This distance is quite
similar to the average Se-OH bond distances of 1.761(4) Å

(33) For some examples of newly recognized uranyl sheet topologies, see:
(a) Krivovichev, S. V.; Burns, P. C.Solid State. Sci.2003, 5, 373. (b)
Kim, J.-Y.; Norquist, A. J. O’Hare, D.Chem. Mater.2003, 15, 1970.
(c) Burns, P. C.; Deely, K. M.Can. Mineral. 2002, 40, 1579. (d)
Krivovichev, S. V.; Cahill, C. L.; Burns, P. C.Inorg. Chem.2002,
41, 34. (e) Krivovichev, S. V.; Burns, P. C.Inorg. Chem.2002, 41,
4108. (f) Norquist, A. J.; Thomas, P. M.; Doran, M. B.; O’Hare, D.
Chem. Mater.2002, 14, 5179. (g) Saadi, M.; Dion, C.; Abraham, F.
J. Solid State Chem.2000, 150, 72. (h) Burns, P. C.; Hill, F. C.Can.
Mineral. 2000, 38, 163. (i) Cahill, C. L.; Burns, P. C.Am. Mineral.
2000, 85, 1294. (j) Krivovichev, S. V.; Burns, P. C.Can. Mineral.
2000, 38, 847. (k) Burns, P. C.Am. Mineral.1999, 84, 1661. (l) Hill,
F. C.; Burns, P. C.Can. Mineral.1999, 37, 1283. (m) Burns, P. C.;
Hanchar, J. M.Can. Mineral.1999, 37, 1483. (n) Burns, P. C.Can.
Mineral. 1998, 36, 187. (o) Guesdon, A.; Raveau, B.Chem. Mater.
1998, 10, 3471.

Figure 3. ∞
2 [UO2(HSeO3)(SeO3)]- layers and piperazinium cations in

[C4H12N2]0.5[UO2(HSeO3)(SeO3)] (1) stack in an AA′BAA ′B sequence
where two ∞

2 [UO2(HSeO3)(SeO3)]- layers stack on one another without
intervening piperazinium cations. While each∞

2 [UO2(HSeO3)(SeO3)]-

layer is polar, in the AA′ stacking, the polarity of the second sheet is reversed
with respect to the first, yielding an overall structure that is centrosymmetric.
The piperazinium cations form hydrogen-bonding interactions with the
hydrogen selenite anions to stitch the structure together.

Figure 4. UO7 pentagonal bipyramidal structural building units in
[C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3CO2H (2) that are formed
from uranyl cations that are bound by three bridging SeO3

2- anions and
two bridging HSeO3- anions. The 50% probability ellipsoids are depicted.

Table 3. Selected Bond Distances (Å) for [C6H14N2]0.5[UO2(HSeO3)-
(SeO3)]‚0.5H2O‚0.5CH3CO2H (2)

U(1)-O(1) 2.312(4) Se(1)-O(1) 1.700(4)
U(1)-O(2) 2.369(4) Se(1)-O(2) 1.681(4)
U(1)-O(3) 2.348(4) Se(1)-O(3) 1.700(4)
U(1)-O(4) 2.404(4) Se(2)-O(4) 1.655(4)
U(1)-O(6) 2.451(4) Se(2)-O(5) 1.771(4) (OH)
U(1)-O(7) (UdO) 1.786(4) Se(2)-O(6) 1.699(4)
U(1)-O(8) (UdO) 1.788(4)
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in A[(UO2)(HSeO3)(SeO3)] (A ) NH4, K, Rb, Cs, Tl),19,24i

which contains HSeO3- anions in the same bonding arrange-
ment. This distance also compares well with the Se-OH
distance of 1.749(3) Å in1.

The linking of the uranyl cations by the HSeO3
- and

SeO3
2- anions creates∞

2 [UO2(HSeO3)(SeO3)]- layers that
extend in theac-plane. Part of one of these layers is shown
in Figure 5. Examination of the topology of these layers
demonstrates that they are essentially the same as those in
A[(UO2)(HSeO3)(SeO3)] (A ) NH4, K, Rb, Cs, Tl).19,24i

These layers can also be related to those found in a series of
uranyl molybdates with sheets of the formula [UO2(MoO4)2]2-

by removing one of the vertexes from the MoO4
2- tetrahe-

dra.34 [DABCOH2]0.5[(VO)(HSeO3)(SeO3)]‚H2O16 also has
a sheet topology very similar to that of A[(UO2)(HSeO3)-
(SeO3)] (A ) NH4, K, Rb, Cs, Tl)19,24i and [UO2(MoO4)2]2-

and can be related to these uranyl phases by removing a
vertex from the UO7 polyhedra.

The diprotonated [DABCOH2]2+ cations, acetic acid
(derived from the uranyl acetate starting material), and water
molecules separate the∞

2 [UO2(HSeO3)(SeO3)]- layers from
one another creating a spacing of approximately 8.8 Å
between uranium atom planes. In addition, the acetic acid
forms a short O‚‚‚O contact of 2.59(7) Å with the water
molecule indicating a hydrogen bond. Other than this
hydrogen bond, the next closest potential contacts are
between the O(10) atom from the acetic acid and one of the
ethylene moieties from the [DABCOH2]2+ cations. These
interactions exceed 3.2 Å, and an extended hydrogen-bonding
network is not formed parallel to the layers. However, the
[DABCOH2]2+ cations are oriented with their ammonium
moieties directed to uranyl selenites above and below the
cations, as shown in Figure 6. Short N‚‚‚O contacts of 2.82-
(7) Å are observed between the N(1) atom and the O(3) atom
of the selenite anions. Therefore, the hydrogen bonding
between [DABCOH2]2+ cations and the∞

2 [UO2(HSeO3)-
(SeO3)]- layers imparts three-dimensional crystallinity to the
structure.

Conclusions

While the terms template and structure-directing are almost
universally applied when organoammonium cations are used
as counterions in the hydrothermal syntheses of inorganic
framework compounds, it is often difficult to prove that these
cations are doing anything more than balancing charge and
filling space in most cases.35 This is aptly illustrated by the
structures of1 and 2. In 1 we find a new anionic sheet
topology, which provides some indication that the piper-
azinium cations have a structure-directing effect that has not
been observed thus far when inorganic cations have been
employed. In contrast, the observation that the [DABCOH2]2+

cation yields the same topology as structurally unrelated
alkali metal and Tl+ cations indicates that the [DABCOH2]2+

cation is not acting as a template or structure-directing agent
but rather is simply balancing charge and filling space
between the layers. The fact that organoammonium cations
can indeed yield new uranyl selenite structure types in some
cases is quite promising. Furthermore, even though the
overall structure of1 is centrosymmetric, this compound does
contain polar∞

2 [UO2(HSeO3)(SeO3)]- layers, which means
that we are closer to achieving the preparation of a polar
uranyl selenite containing an organic structure-directing
agent.
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Figure 5. Illustration of part of a ∞
2 [UO2(HSeO3)(SeO3)]- layer in

[C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚0.5H2O‚0.5CH3CO2H (2) viewed down
(010).

Figure 6. [C6H14N2]2+ cations in [C6H14N2]0.5[UO2(HSeO3)(SeO3)]‚
0.5H2O‚0.5CH3CO2H (2) form hydrogen bonds with the oxygen atoms from
the selenite anions in the∞

2 [UO2(HSeO3)(SeO3)]- layers. The water and
acetic acid molecules are interspersed with the [C6H14N2]2+ cations.
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