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A new open-framework compound, [C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)] �H2O, (DUP-1) has been

synthesized under mild hydrothermal conditions. The resulting structure consists of diprotonated

DABCOH2
2+ (C6H14N2

2+) cations and occluded water molecules occupying the channels of a complex

uranyl phosphate three-dimensional framework. The anionic lattice contains uranophane-like sheets

connected by hydrated pentagonal bipyramidal UO7 units. [C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)] �H2O

possesses five crystallographically unique U centers. U(VI) is present here in both six- and seven-

coordinate environments. The DABCOH2
2+ cations are held within the channels by hydrogen bonds to

both two uranyl oxygen atoms and a m2-O atom. Crystallographic data (193 K, Mo Ka, l ¼ 0.71073 Å):

DUP-1, monoclinic, P21/n, a ¼ 7.017(1) Å, b ¼ 21.966(4) Å, c ¼ 17.619(3) Å, b ¼ 90.198(3)1, Z ¼ 4,

R(F) ¼ 4.76% for 382 parameters with 6615 reflections with I42s(I).

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Uranium-containing three-dimensional anionic lattices form a
myriad of diverse frameworks primarily because of variability in
the coordination environments that are available for the uranium
centers [1]. Eight- and nine-coordinate environments are known
for U(IV), and six-, seven-, and eight-coordinate environments for
U(VI). Several framework uranyl phosphates have been shown to
be promising hosts for radionuclides such as 90Sr and 137Cs [2]. In
addition, layered uranyl phosphates have been shown to readily
undergo ion-exchange reactions [3]. For example, (BuNH3)UO2-

PO4 �3H2O intercalates [Co(NH3)4(CO3)]+, [Co(NH3)5Cl]2+, and
[Co(NH3)6]3+ [4]. More recent results by Paterson-Beedle et al.
confirm that the layered hydrogen uranyl phosphate (HUP) does
act as an ion-exchanger in the presence of 137Cs, 85Sr, and 60Co [5].

Organic amines have the ability to template or direct the
formation of uranyl-based compounds to form a wide variety of
open-framework structures. This is observed in (C4H12N2)U2O4F6 [6],
(C4H12N2)(UO2)[(UO2)(PO4)]4(H2O)2 [7], [C6H14N2]2[(UO2)6(H2O)2F2

(PO4)2(HPO4)4] �4H2O [8], [(C2H5)2NH2]2[(UO2)5(PO4)4] [9],
(UO2)0.82[C8H20N]0.36[(UO2)6(MoO4)7(H2O)2](H2O)n and [C6H14N2]
[(UO2)6(MoO4)7(H2O)2](H2O)m [10], [C6H16N]2[(UO2)6(MoO4)7

(H2O)2](H2O)2 [11], [(CH3)4N][(C5H6N)0.8((CH3)3NH)0.2]U2Si9O23F4

[12], (NH4)4[(UO2)5(MoO4)7](H2O)5 [13a], [(C2H5)2NH2]2[(UO2)4

(MoO4)5(H2O)](H2O) [13b], [(CH3)4N][(UO2)2F5] [1e], and (NH4)3

(H2O)2{[(UO2)10O10(OH)][(UO4)(H2O)2]} [14]. The simplest exam-
ll rights reserved.

t-Schmitt).
ple of these, (C4H12N2)U2O4F6 [6], is constructed solely from
UO2F5 pentagonal bipyramids (PB) corner-sharing via bridging
fluorides to make 10-, 8-, and 6-member rings. Piperazine (C4H12N2)
incorporation into a uranyl phosphate system produces uranophane-
type sheets bridged by UO7 pentagonal bipyramids [7]. In the case
of [C6H14N2]2[(UO2)6(H2O)2F2(PO4)2(HPO4)4] �4H2O, using DABCO
(C6H12N2) instead of ethylene diamine directs the uranyl fluoropho-
sphate network to be constructed from corrugated chains of corner-
sharing U2O14 dimers connected by UO5F(H2O) pillars [8]. While
fluorine here acts to connect these layers through hydrogen bonding,
it also effectively excises the layers, thereby reducing overall
dimensionality. Interestingly, cooperative efforts of the flexible
molybdate oxoanion and the structure directing amine-bearing
organic guests yield, not only extended networks with at least one
chiral axis, but also a low-temperature phase transition in the
compound, [C6H16N]2[(UO2)6(MoO4)7(H2O)2](H2O)2 [10,11]. Herein,
we continue this area of research and report on the synthesis and
structure of the organically templated uranyl phosphate,
[C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)] �H2O (DUP-1), that fits in the
above family of extended open-framework compounds.
2. Experimental

2.1. Syntheses

UO3 (99.8%, Alfa-Aesar), triethylenediamine (99%, Alfa-Aesar),
and H3PO4 (85% Fisher Scientific) were used as received. Reactions
were run in PTFE-lined Parr 4749 autoclaves with a 23 mL internal
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Table 1
Crystallographic data for [C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)] �H2O (DUP-1)

Formula [C6H12N2H2][(UO2)4(HPO4)2(PO4)2(H2O)]] �H2O

Color and habit Yellow acicular prism

Crystal system Monoclinic

Space group P21/n (No. 14)

a (Å) 7.017(1)

b (Å) 21.966(4)

c (Å) 17.619(3)

b (deg) 90.198(3)

V (Å3) 2716.03

Z 4

T (K) 193

l (Å) 0.71073

Maximum 2y 56.56

R (int.) 0.0616

Reflections (total) 25301

Reflections (ind.) 6615

Parameters 382

Res. electron den. (minimum,

maximum)

�3.21, 4.04

rcalcd (g cm�3) 3.928

m(Mo Ka) (cm�1) 241.2

R(F)a for F2
o42sðF2

oÞ
0.0476

Rw (F2
o)b 0.1363

a R(F) ¼
P

||Fo|�|Fc||/
P

|Fo|.
b RwðF

2
oÞ ¼ ½

P
½wðF2

o � F2
c Þ

2
�=
P

wF4
o �

1=2.

T.H. Bray et al. / Journal of Solid State Chemistry 181 (2008) 2199–22042200
volume. Distilled and Millipore filtered water with a resistance of
18.2 MO cm was used in all reactions. Standard precautions were
performed for handling radioactive materials during work with
UO3, as well as with reaction products.

2.2. [C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)] �H2O (DUP-1)

UO3 (286.0 mg, 1.000 mmol), C6H12N2 (triethylene diamine or
DABCO) (22.4 mg, 0.200 mmol), H3PO4 (0.3 mL, 5.204 mmol), and
1000 mL of deionized water were loaded into a 23 mL autoclave.
The autoclave was sealed and heated to 180 1C in a box furnace,
and the temperature was held constant for 3 d. The autoclave was
then cooled at an average rate of 9 1C h�1 until it reached room
temperature. The major product is pale-yellow in color and
acicular in habit. X-ray powder diffraction was utilized to compare
measure Bragg reflections to a powder pattern generated from
single crystal data using the ATOMS 6.0 program. These data show
that DUP-1 is the primary crystalline phase present, with a small
amount of residual C6H12N2 leftover from the initial reaction
mixture.

2.3. Elemental analysis

Analyses for carbon, hydrogen, and nitrogen mass percentages
were conducted by Atlantic Microlab, Inc. (Theoretical/Actual
percentages listed) C: 4.56%/4.60%; H: 1.26%/1.15%; N: 1.77%/
1.70%. Semi-quantitative energy dispersive X-ray analysis was
performed using a JEOL 7000F field emission scanning electron
microscope confirming the presence of U and P.

2.4. Vibrational spectroscopy

IR (KBr, cm�1): 912 (n3, UO2
2+), 831 (n1, UO2

2+), 1123 (n3, PO3
4�),

1063 (n3, PO3
4�), 1032 (n3, PO3

4�), 563 (d, PO3
4�), 513 (d, PO3

4�), 3042
(N–H), 2837 (N–H), 2733 (C–C), 2684 (C–C), 2642 (C–C), 1466
(N–H), 1422, 1325, 626.

2.5. Crystallographic studies

A single crystal of DUP-1, with dimensions of 0.054�
0.080� 0.230 mm3, was mounted on a glass fiber and optically
aligned on a Bruker APEX CCD X-ray diffractometer using a digital
camera. Initial intensity measurements were performed using
graphite monochromated Mo Ka radiation from a sealed tube and
monocapillary collimator. SMART (v 5.624) was used for pre-
liminary determination of the cell constants and data collection
control. The intensities of reflections of a sphere were collected by
a combination of three sets of exposures (frames). Each set had a
different f angle for the crystal and each exposure covered a range
of 0.31 in o. A total of 1800 frames were collected with an
exposure time per frame of 30 s.

Determinations of integrated intensities and global refinement
were performed with the Bruker SAINT (v 6.02) software package
using a narrow-frame integration algorithm. These data were
treated with a semi-empirical absorption correction by SADABS
[15]. The program suite SHELXTL (v 6.12) was used for space group
determination (XPREP), direct methods structure solution (XS),
and least-squares refinement (XL) [16]. 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. Owing to the structure having a b angle
of 90.198(3), ADDSYM and NEWSYM, both parts of the PLATON
software, were used to search for missed symmetry. Solids that
crystallize in a monoclinic setting with a b angle so close in
proximity to 901 typically show pseudo-orthorhombic symmetry
or are twinned. Neither case was detected here.

2.6. Thermal analysis

Thermal data for DUP were collected using a TA Instruments,
Model 2920 differential scanning calorimter (DSC) and TA Q50
thermogravimetric analyzer (TGA). Samples, 4.90 mg for DSC and
5.38 mg for TGA, were encapsulated in platinum pans and heated
under a nitrogen atmosphere at 20 1C min�1 from 50 to 600 1C
(DSC) and at 10 1C min�1 from 25 to 725 1C (TGA).

2.7. Powder X-ray diffraction

Powder X-ray diffraction patterns were collected with a Rigaku
Miniflex powder X-ray diffractometer using Cu Ka (l ¼ 1.54056 Å)
radiation.
3. Results and discussion

3.1. Structure of [C6H14N2][(UO2)4(HPO4)2(PO4)2] �H2O

The title compound contains five crystallographically unique
uranium sites, three of which are seven-coordinate pentagonal
bipyramids and two that are six-coordinate tetragonal bipyra-
mids. Bond-valence sum calculations [17,18] for each uranium,
using the appropriate values for [7]U6+ or [8]U6+, are included in
Table 2 [19]. In all cases, the uranium sits in the center of a nearly
linear uranyl [OQUQO]2+ unit, with bond distances ranging
from 1.768(10) to 1.795(10) Å. A channel structure ultimately
forms from parallel one-dimensional chains of edge-sharing
pentagonal bipyramids. Each pentagonal bipyramid also edge
shares with a phosphate group. The resulting uranyl phosphate
units assemble into one-dimensional chains found in the
uranophane anion sheet topology (Fig. 2a) [20]. The chain is
composed of U(4) and U(5) wherein O(11), O(14), O(15), and O(16)
are all m3-bridging oxygen atoms that serve to construct both the
edge-sharing uranyl chain and the individual edge-sharing
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Fig. 2. View of the (a) b-uranophane sheet topology found in Ca(H3O)2(UO2)2(SiO4)2(H2O)3 as compared to (b) delaminated sheets of similar construction found in DUP-1.
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Fig. 1. ORTEP plots of the local environments around: (a) U(1), (b) U(2), (c) U(3), and (d) the edge-sharing U(4)–U(5) metal centers in DUP-1.
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Table 2
Selected bond distances (Å), angles (deg), and bond-valence sums for

[C6H14N2][(UO2)4(HPO4)2(PO4)2(H2O)]] �H2O (DUP-1)

Distances (Å)

U(1)–O(6) (�2) 2.299(10) P(1)–O(5) 1.505(10)

U(1)–O(13) (�2) 2.265(10) P(1)–O(6) 1.526(10)

U(1)–O(25) (�2) 1.790(10) P(1)–O(10) 1.569(10)

U(2)–O(2) (�2) 2.275(10) P(1)–O(18) 1.492(10)

U(2)–O(8) (�2) 1.787(10) P(2)–O(11) 1.561(9)

U(2)–O(9) (�2) 2.270(10) P(2)–O(13) 1.523(10)

U(3)–O(1) (H2O) 2.554(10) P(2)–O(14) 1.554(9)

U(3)–O(4) 1.768(10) P(2)–O(22) 1.502(10)

U(3)–O(12) 1.775(10) P(3)–O(9) 1.517(10)

U(3)–O(18) 2.327(10) P(3)–O(15) 1.583(9)

U(3)–O(19) 2.320(10) P(3)–O(16) 1.561(9)

U(3)–O(21) 2.363(10) P(3)–O(21) 1.493(10)

U(3)–O(22) 2.336(10) P(4)–O(2) 1.500(10)

U(4)–O(5) 2.277(10) P(4)–O(3) 1.523(10)

U(4)–O(7) 1.795(10) P(4)–O(19) 1.495(10)

U(4)–O(11) 2.335(9) P(4)–O(20) 1.593(11)

U(4)–O(14) 2.349(9)

U(4)–O(15) 2.476(9) N(1)–O(6) 2.864(16)

U(4)–O(16) 2.467(9) N(2)–O(7) 2.914(16)

U(4)–O(23) 1.779(10) N(2)–O(12) 2.950(17)

U(5)–O(3) 2.241(10) O(26)–O(20) 2.951(17)

U(5)–O(11) 2.511(9)

U(5)–O(14) 2.490(9) Bond valence sums

U(5)–O(15) 2.339(9) U(1) ¼ 6.089 U(5) ¼ 6.079

U(5)–O(16) 2.366(8) U(2) ¼ 6.153 P(1)–O(10) ¼ 1.045

U(5)–O(17) 1.752(9) U(3) ¼ 6.048 P(4)–O(20) ¼ 1.011

U(5)–O(24) 1.772(10) U(4) ¼ 5.936

Angles (deg)

O(25)–U(1)–O(25)0 180.0(0) O(7)–U(4)–O(23) 178.5(5)

O(8)–U(2)–O(8)0 180.0(0) O(17)–U(5)–O(24) 177.9(5)

O(4)–U(3)–O(12) 177.8(5)

Fig. 3. A depiction of the three-dimensional channel structure and occluded DABCOH2
2+ cations and water molecules found in DUP-1.
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UO2PO4
� units (Fig. 1d). These chains are then connected by

bridging UO2(PO4)2
4� units (Fig. 2b). Here, the two distinct

uranium metal centers, U(1) and U(2) (Fig. 1a and b, respectively),
are both six-coordinate and alternate as the bridging uranium
metal center. All axially coordinated oxygen atoms on the UO2

2+

metal centers bridge to corner-sharing phosphates. It should also
be noted that U(1) and U(2) both sit on an inversion center. The
UO2(PO4)2

4� unit is formed from the tetragonal bipyramidal
uranium and two corner sharing trans-phosphate units that join
the sheets to form jagged columns along the b-axis (Fig. 2a). As is
shown in Fig. 3, these constructed layers that extend in the [ab]
plane are connected by bridging pentagonal bipyramidal unit,
formed around the U(3) site (Fig. 1c), to finally produce a three-
dimensional structure with channels extending along the a-axis.
Four of the five axial coordination sites for U(3) are used in joining
the sheets, while the fifth site is coordinated by a water molecule.
This is supported by the lengthened U(3)–O(1) bond measuring
2.554(10) Å and a bond-valence sum calculation for U(3) of 6.047.

The uranyl phosphate lattice is occupied by one crystal-
lograpically unique DABCOH2

2+ (C6H14N2) and an occluded water
molecule, both of which are held fixed via hydrogen bonding and
shown in the packing diagram. DABCOH2

2+ is hydrogen bonded
through both ammonium caps. Appropriate hydrogen bond
lengths are included in Table 2. The O(26)–O(20) atomic distance
of approximately 2.95 Å is of an appropriate length for O(26) to be
a hydrogen bonded water molecule. Based on relative bond
lengths, it was determined that two of the four unique phosphates
anions are protonated. This is observed in the P(1)–O(10) and the
P(4)–O(20) bond lengths.

The three-dimensional channel structure of DUP-1 can be
envisioned as containing the two-dimensional sheets found in
uranophane (Fig. 2a) [20], but with delaminated layers spaced by
the insertion of UO2(PO4)2

4� units. These layers are subsequently
joined by the interlaminar pentagonal bipyramids. The resulting
pore size of the elliptical three-dimensional channel, created from
12-membered rings laced together by the edge-sharing pentago-
nal bipyramids and measured as the distance between oxygen
atoms across the channel, is approximately 5.34 Å�8.4 Å and
extends along the a-axis. The overall structure is analogous to that
found in [(UO2)3(PO4)2](H2O)4 [1a].

Phosphuranylite, autunite, and uranophane topologies are very
common in uranyl phosphates [21]. DUP-1 appears to follow this
general motif, but utilizes the different bonding geometries of
U(VI) to delaminate and join uranophane sheets resulting in a
uranyl phosphate lattice that can encircle the occluded organic
ammonium cations. Direct similarities exist between the struc-
ture of the title compound presented here and those of
[C4H12N2][(UO2)[(UO2)(PO4)]4(H2O)2 [7], [(C2H5)2NH2]2[(UO2)5

(PO4)4] [14], and [C6H14N2]2[(UO2)6(H2O)2F2(PO4)2(HPO4)4] �4H2O
(MUPF-1) [8]. In the former two, both structures develop from
uranophane sheets with the difference being the coordination
environment of the U(VI) metal centers used to fasten the layers
together. The latter compound, like DUP-1, utilizes DABCO as the
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Fig. 4. TGA and DSC thermograms of DUP-1.
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structure-directing agent but, unlike DUP-1, hydrogen bonding
between layers gives rise to the high-dimensionality. This effect is
in striking contrast to those seen in uranyl sulfates where
incremental addition of HF results in precipitation of compounds
formed as either a molecular unit, one-dimensional chains, or
two-dimensional sheets, respectively [22]. Here, we see two
compounds synthesized under similar conditions [23], where the
lack of HF results in the crystallization of a three-dimensional
uranyl phosphate lattice with enlarged rings and the presence of
HF yields a three-dimensional uranyl fluorophosphates with two-
dimensional sheets stitched together by hydrogen bonding.
3.2. Thermal behavior

The TGA and DSC thermographs are shown in Fig. 4. Gradual
mass loss is seen in the TGA thermal scan until approximately
280 1C due to steady release of adsorbed water and degassing.
Afterwards, a mass loss of 4% correlates with the first significant
endotherm centered around 326 1C. Above this temperature exists
a double endotherm at 375 and 387 1C, with a much larger mass
loss, and is realized as the probable result of the loss of the
coordinated water molecule and template degradation. Lattice
degeneration may contribute to the endotherms in this tempera-
ture range as well. These results a consistent with literature values
[8,24].
4. Conclusions

The vast majority of uranyl phosphates and arsenates crystal-
lize with topologies based on autunite or uranophane-type sheets,
primarily due to the structural stability inherent in these systems.
This is especially true when +2 cations are incorporated into these
matrices, as Ca2+, Sr2+, and Ba2+ all yield autunite-type sheet
structures [25]. In fact, both 2,20- and 4,40-bipyridyl uranyl
phosphate show the same trend as the alkaline earth metals. It
is here that the structure-directing ability of DABCO differs. While
(C6H14N2)(UO2)(AsO4)2(H2O)3 precipitates as autunite-type sheets
with interlamellar DABCOH2

2+ units, in basically the same way as
AE2+ (AE ¼ Ca, Sr, Ba, 2,20- and 4,40-bipyridyl) uranyl phosphates,
we see a distinction made here in that DUP-1 and MUFP-1 both
utilize a uranyl phosphate anionic lattice to encapsulate the
protonated DABCO units rather than simply intercalate the
organic amine cations. However, the b-uranophane-type sheet is
the basic building block for the DUP-1 3D channel structure.
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