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The hydrothermal reactions of uranium trioxide, uranyl acetate, or uranyl nitrate with 1,4-benzenebi-

sphosphonic acid in the presence of very small amount of HF at 200 1C results in the formation of three

different uranyl diphosphonate compounds, [H3O]2{(UO2)6[C6H4(PO3)(PO2OH)]2[C6H4(PO2OH)2]2[C6H4

(PO3)2]}(H2O)2 (Ubbp-1), [H3O]4{(UO2)4[C6H4(PO3)2]2F4} �H2O (Ubbp-2), and {(UO2)[C6H2F2(PO2OH)2

(H2O)}2 �H2O (Ubbp-3). The crystal structures of these compounds were determined by single crystal

X-ray diffraction experiments. Ubbp-1 consists of UO7 pentagonal bipyramids that are bridged by the

phosphonate moieties to form a three-dimensional pillared structure. Ubbp-2 is composed of UO5F2

pentagonal bipyramids that are bridged through the phosphonate oxygen atoms into one-dimensional

chains that are cross-linked by the phenyl spacers into a pillared structure. The structure of Ubbp-3 is a

three-dimensional open-framework with large channels containing water molecules with internal

dimensions of approximately 10.9�10.9 Å. Ubbp-1 and Ubbp-2 fluoresce at room temperature.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The current interest in the structural chemistry of uranyl
oxoanions is particularly evident with its recent expansion in
literature; the number of different structure types of purely
inorganic uranium(VI) compounds has increased from about
180 to over 368 between 1997 and 2005 [1]. One member of this
large family that continues to yield unusual structural features and
results are the phosphonates. The modification of the organic
residues of phosphonates can lead to rich structural diversity and
various coordination modes in actinide systems. Actinide phospho-
nates have relevance to nuclear waste management and separation
processes [2]. Other potential applications have also been identified
in ion-exchange [3], ionic conductivity [4], intercalation chemistry
[5], photochemistry [6], non-linear optical materials [3g,7], and
catalysis [5,8]. The structural chemistry of phosphonates is fasci-
nating, displaying transformation from one-dimensional a- and b-
uranyl phenylphosphonate to nanotubular g-uranyl phenylpho-
sphonate upon exposure to Naþ or Ca2þ cations in aqueous
solution [9]. Recently, we demonstrated that when Csþ cations
are used to template the structure of uranyl phenyldiphosphonate a
remarkable elliptical uranyl nanotubular structure results,
Cs3.62H0.38{(UO2)4[C6H4(PO2OH)2]3[C6H4(PO3)2]F2} [10]. Immersion
ll rights reserved.
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of this compound in Agþ aqueous solution resulted in a partial
exchange of the Csþ cations with Agþ .

There is a predisposition for actinide compounds to form low-
dimensional structures because the terminal nature of the ‘yl’ oxo
atoms of the actinyl unit favors the formation of layers of
coordination polyhedra [11]. However, they have characteristic
rich and diverse coordination environments favoring tetragonal,
pentagonal, and hexagonal bipyramids in almost boundless com-
binations. Three-dimensional structures are rare. In order to
circumvent this, additional building units have been utilized to
make higher dimensional networks. We have made several two-
dimensional and three-dimensional luminescent pillared uranyl
diphosphonates with various protonated organic amines [12]. The
inclusion of alkali and transition metals allow for the lower
dimensional networks to be connected into three-dimensional
frameworks. Cs3[(UO2)4(PO3CH2CO2)2(PO3CH2CO2H0.5)2] �nH2O is
an example of where the uranyl polyhedra are connected to form
a three-dimensional framework [13a], the addition of transition
metals have been reported for the synthesis of three-dimensional
frameworks of [H3O](UO2)2Cu2(PPA)3(H2O)2 [13b] and (UO2)2

(PPA)2(HPPA)Zn2(H2O)2 �3H2O (PPA¼phosphonoacetate) [13c].
Recent communication from our group demonstrates further
how high symmetry cubic and rhombohedral space groups,
porous heterobimetallic uranyl carboxyphosphonate can be con-
structed in the presence of disordered divalent transition metals
[14]. As an extension of previous work we report the syntheses,
structural characterization, and fluorescence properties of [H3O]2

{(UO2)6[C6H4(PO3)(PO2OH)]2[C6H4(PO2OH)2]2[C6H4(PO3)2]}(H2O)2,
[H3O]4{(UO2)4[C6H4(PO3)2]2F4} �H2O and {(UO2)[C6H2F2(PO2OH)2

(H2O)}2 �H2O.

www.elsevier.com/locate/jssc
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Table 1
Crystallographic data for [H3O]2{(UO2)6[C6H4(PO3)(PO2OH)]2[C6H4(PO2OH)2]2

[C6H4(PO3)2]}(H2O)2 (Ubbp-1), [H3O]4{(UO2)4[C6H4(PO3)2]2F4} �H2O (Ubbp-2), and

{(UO2)[C6H2F2(PO2OH)2(H2O)}2 �H2O (Ubbp-3).

Compound Ubbp-1 Ubbp-2 Ubbp-3

Formula mass 1428.17 1704.18 1128.09

Color and habit Yellow, tablet Yellow, tablet Yellow, needle

Space group P1 Cmcm P42/nmc

a (Å) 9.9612(3) 17.9546(7) 20.3539(16)

b (Å) 10.9029(4) 7.0283(3) 20.3539(16)

c (Å) 14.5948(5) 25.0796(9) 7.8010(6)

a (deg.) 90.0421(3) 90 90

b (deg.) 109.3749(3) 90 90

g (deg.) 92.6223(3) 90 90

V (Å) 1493.54(9) 3164.8(2) 3231.8(4)

Z 2 4 4

T (K) 100 100 100

l (Å) 0.71073 0.71073 0.71073

rcalcd (g cm�3) 3.174 3.577 2.319

m (Mo Ka) (mm�1) 16.588 20.728 10.298

R(F) for F0
242s(F0

2)a 0.0219 0.0208 0.0391

Rw(F0
2)b 0.049 0.049 0.114

a RðFÞ ¼S:F09�9Fc:=S9F09 .
b RðF2

0 Þ ¼ ½SwðF2
0�F2

c Þ
2=SwðF4

0 Þ�
1=2 .
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2. Experimental

2.1. Synthesis

UO2(C2H3O2)2 �2H2O (98%, Alfa-Aesar), UO3 (98% Strem),
UO2(NO3) �6H2O (98%, International Bio-Analytical Industries),
HF (48 wt%, Aldrich), 1,4-benzenebisphosphonic acid (95%, Epsi-
lon Chimie) were used as received. Reactions were run in PTFE-
lined Parr 4749 autoclaves with a 23 mL internal volume. Distilled
and Millipore filtered water with resistance of 18.2 MO cm was
used in all reactions. Caution! While all the uranium compounds

used in these studies contained depleted uranium salts, standard

precautions were performed for handling radioactive materials, and

all studies were conducted in a laboratory dedicated to studies on

actinide elements.

2.2. [H3O]2{(UO2)6[C6H4(PO3)(PO2OH)]2[C6H4(PO2OH)2]2

[C6H4(PO3)2]}(H2O)2 (Ubbp-1)

UO3 (57.3 mg, 0.2 mmol), 1,4-benzenebisphosphonic acid
(47.6 mg, 0.2 mmol), 1.0 mL of water, and a very small quantities
of HF were loaded into a 23 mL autoclave. The autoclave was
sealed and heated to 200 1C in a box furnace for 3 days and was
then cooled at an average rate of 5 1C/h to 25 1C. The resulting
yellow product was washed with distilled water and methanol
and allowed to air dry at room temperature. Yellow tablets of
Ubbp-1 as a pure phase suitable for X-ray diffraction studies were
formed.

2.3. [H3O]4{(UO2)4[C6H4(PO3)2]2F4} �H2O (Ubbp-2)

UO2(C2H3O2)2 �2H2O (84.8 mg, 0.2 mmol), 1,4-benzenebispho-
sphonic acid (47.7 mg, 0.2 mmol), 0.5 mL of water, and a very
small quantities of HF were loaded into a 23 mL autoclave. The
autoclave was sealed and heated to 200 1C in a box furnace for
3 days. The autoclave was then cooled at an average rate of 5 1C/h
to 25 1C. The resulting yellow product was washed with distilled
water and methanol and allowed to air dry at room temperature.
Yellow tablets of Ubbp-2 with some minor impurities were
formed.

2.4. {(UO2)[C6H2F2(PO2OH)2(H2O)}2 �H2O (Ubbp-3)

UO2(NO3) �6H2O (100.5 mg, 0.2 mmol) along with 1,4-benze-
nebisphosphonic acid (47.6 mg, 0.2 mmol), 0.5 mL of water, and a
very small quantities of HF were loaded into a 23 mL autoclave.
After heating for 3 days at 200 1C, the autoclave was then cooled
at an average rate of 5 1C/h to 25 1C. The resulting yellow product
was washed with distilled water and methanol and allowed to air
dry at room temperature. Yellow needles of Ubbp-3 along with
unidentifiable powder were formed. Attempts to increase the
yield and purity of Ubbp-3 by adjusting the reaction temperature,
heating time and ratios of reactants did not result in producing a
pure product.

2.5. Crystallographic studies

Single crystals of Ubbp-1, 2, and 3 were mounted on glass
fibers and optically aligned on a Bruker APEXII CCD X-ray
diffractometer using a digital camera. Initial intensity measure-
ments were performed using a ImS X-ray source, a 30 W micro-
focused sealed tube (MoKa, l¼0.71073 Å) with a monocapillary
collimator. Standard APEXII software was used for determination
of the unit cells and data collection control. The intensities of
reflections of a sphere were collected by a combination of four
sets of exposures (frames). Each set had a different j angle for the
crystal and each exposure covered a range of 0.51 in o. A total of
1464 frames were collected with an exposure time per frame of
10–30 s, depending on the crystal. SAINT software was used for
data integration including Lorentz and polarization corrections.
Semi-empirical absorption corrections were applied using the
program SADABS [15]. The program suite SHELXTL was used for
space group determination (XPREP), direct methods structure
solution (XS), and least-squares refinement (XL) [16]. The position
of H atoms around the H2O or OH were located and refined freely
while those around the benzene ring were added using the xprep
command ‘hadd’. The final refinements included anisotropic
displacement parameters for all atoms except H atoms. Selected
crystallographic information is listed in Table 1. Atomic coordi-
nates, bond distances, and additional structural information are
provided in the Supplementary information (CIF’s).

2.6. Fluorescence spectroscopy

Fluorescence data for Ubbp-1 and Ubbp-2 were acquired from
single crystals using a Craic Technologies UV–vis-NIR microspec-
trophotometer with a fluorescence attachment. Excitation was
achieved using 365 nm light from a mercury lamp for the
fluorescence spectroscopy.
3. Results and discussion

3.1. Synthesis

All three uranyl phosphonates, Ubbp-1, Ubbp-2, and Ubbp-3,
were prepared using three different uranium salts under mild
hydrothermal conditions. The stoichiometric ratio of 1:1 (U:P)
were used in all the syntheses. The addition of HF to the reactions
is essential, and it serves as a mineralizing agent in the syntheses,
as ligand in the formation of Ubbp-2, as well as for the purpose of
fluorination of the phenyl ring in Ubbp-3.

3.2. General structural characteristics

[H3O]2{(UO2)6[C6H4(PO3)(PO2OH)]2[C6H4(PO2OH)2]2[C6H4(PO3)2]}
(H2O)2 (Ubbp-1) crystallizes in the centrosymmetric, triclinic space
group P1̄, and the coordination environment uranium atoms are found
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as UO7 pentagonal bipyramids, this represent most common coordina-
tion environment in uranium [11]. The UO7 units contain a layered
central uranyl cation, UO2

2þ , that are bridged by the phosphonate
moieties to form three-dimensional pillared structure (Fig. 1). Two
of the uranyl cations share an edge via bridging oxygen atoms
as depicted in Fig. 2. A view along the [bc] plane reveals the
uranyl dimers that are connected into sheets of uranyl polyhedral
Fig. 1. Polyhedral representation of the three-dimensional pillared structure of

Ubbp-1 viewed along the b axis. The structure is constructed from UO7 units,

pentagonal bipyramids¼green, oxygen¼red, phosphorus¼magenta, carbon¼

black and hydrogen¼white. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 2. Polyhedral representation of the Ubbp-1 viewed along the [bc] plane. The

structure is constructed from UO7 units, pentagonal bipyramids¼green, oxy-

gen¼red, phosphorus¼magenta, carbon¼black and hydrogen¼white. (For inter-

pretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
through the oxygen and m2–O atoms of the phosphonate ligands. This
structure contains hydronium ions, so that charge balance is main-
tained (Tables 2–4).

The structure consists of three crystallographically unique
uranyl centers, U(1), U(2), and U(3). Uranium atoms typically
coordinate with two nearly linear oxo atoms, UO2

2þ cations, for
the three uranium centers, the OQUQO bond angles are
179.66(16)1, 178.71(16)1 and 179.57(15)1 and normal average
Table 2

Selected bond distances (Å) and angles (deg.) for [H3O]2{(UO2)6[C6H4(PO3)

(PO2OH)]2[C6H4(PO2OH)2]2[C6H4(PO3)2]}(H2O)2 (Ubbp-1).

Distances (Å)
U(1)–O(1) 1.764(3) P(1)–O(10) 1.501(4)

U(1)–O(2) 1.767(3) P(1)–O(8) 1.522(4)

U(1)–O(8) 2.297(3) P(1)–O(9) 1.555(4)

U(1)–O(20) 2.372(4) P(1)–C(10) 1.783(5)

U(1)–O(11) 2.414(3) P(2)–O(13) 1.512(3)

U(1)–O(17) 2.425(3) P(2)–O(11) 1.529(3)

U(1)–O(12) 2.546(3) P(2)–O(12) 1.554(3)

U(2)–O(3) 1.763(3) P(2)–C(11) 1.786(5)

U(2)–O(4) 1.777(3) P(3)–O(15) 1.493(3)

U(2)–O(15) 2.330(3) P(3)–O(16) 1.523(3)

U(2)–O(10) 2.339(3) P(3)–O(14) 1.568(3)

U(2)–O(19) 2.355(3) P(3)–C(9) 1.793(5)

U(2)–O(13) 2.408(3) P(4)–O(19) 1.493(3)

U(2)–O(7) 2.487(3) P(4)–O(17) 1.547(3)

U(3)–O(6) 1.764(3) P(4)–O(18) 1.564(3)

U(3)–O(5) 1.785(3) P(4)–C(5) 1.787(5)

U(3)–O(16) 2.284(3) P(5)–O(20) 1.492(4)

U(3)–O(12) 2.334(3) P(5)–O(22) 1.534(5)

U(3)–O(18) 2.370(3) P(5)–O(21) 1.584(4)

U(3)–O(18) 2.496(3) P(5)–C(6) 1.793(5)

U(3)–O(17) 2.512(3)

Angles (deg.)
O(2)–U(1)–O(1) 179.66(16) O(3)–U(2)–O(4) 178.71(16)

O(5)–U(3)–O(6) 179.57(15)

Table 3

Selected bond distances (Å) and angles (deg.) for [H3O]4{(UO2)4[C6H4(PO3)2]2F4}

�H2O (Ubbp-2).

Distances (Å)
U(1)–O(2) 1.776(4) U(1)–F(2) 2.378(2)

U(1)–O(1) 1.790(4) P(1)–O(5) 1.521(3)

U(1)–O(4i) 2.280(3) P(1)–O(4) 1.525(3)

U(1)–O(5ii) 2.314(3) P(1)–O(3) 1.532(3)

U(1)–O(3) 2.334(3) P(1)–C(1) 1.802(4)

U(1)–F(1) 2.366(2)

Angles(deg.)
O(2)–U(1)–O(1) 176.99(16)

Table 4

Selected bond distances (Å) and angles (deg.) for {(UO2)[C6H2F2(PO2OH)2(H2O)}2 �

H2O (Ubbp-3).

Distances (Å)
U(1)–O(1) 1.787(8) P(1)–O(4) 1.502(6)

U(1)–O(2) 1.789(8) P(1)–O(5) 1.489(6)

U(1)–O(4) 2.299(5) P(1)–O(6) 1.565(7)

U(1)–O(4)0 2.299(6) P(1)–C(1) 1.799(8)

U(1)–O(5) 2.346(6) C(2)–F(1) 1.714(10)

U(1)–O(5)0 2.346(6)

U(1)–O(3) 2.561(9)

Angles (deg.)
O(2)–U(1)–O(1) 179.0(4)
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UQO bond distances of 1.766(3), 1.770(3) and 1.775(3) Å,
respectively. The equatorial U–O bond distances vary consider-
ably. U(1) coordinates to three short U–O bonds from phospho-
nate ligands that range from 2.297(3) to 2.414 (3) Å. There are
two bridging m2–O atoms with longer U–O bond distances of
2.425(3) and 2.546(3) Å. In additional, one of the four different
phosphonate ligands coordinates to uranium center in bidentate
fashion. For U(2), there are four short equatorial U–O bonds from
phosphonate O-atoms that range from 2.330(3) to 2.408(3) Å. The
longest U–O bond distance of 2.487(3) Å is also terminal, we
therefore assigned it as a coordinating water molecule. U(3) is
similar to the U(1) center, it is coordinated by one short
U(3)–O(16) bond of 2.284(3) Å from phosphonate ligand. The
remaining four are from bridging m2–O atoms of the phosphonate
ligands and range from 2.334(3) to 2.512(3) Å. A total of three
phosphonate ligands are involved in the coordination to uranyl
centers and one of them is bidentate pattern. These distances
were used to calculate bond-valence sums of 6.00, 6.09 and 6.00
for U(1), U(2), and U(3), respectively, they all agree well with the
formal oxidation state of þ6 [11]. The P–O bond distances range
from 1.492(4) to 1.584(4) Å. The P–O bonds can be distinguished
from the P–OH bonds base on the bond lengths and whether or
not they are coordinating to uranium center. We therefore
propose that the long P–O bond distances that are terminal
belong to the protonated phosphonate-oxygen groups.
Fig. 4. Illustration along the c-axis of Ubbp-2. The structure is constructed from

UO5F2 units, pentagonal bipyramids¼green, fluoride¼yellow, oxygen¼red, phos-

phorus¼magenta, carbon¼black, hydrogen¼white. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version

of this article.)
3.3. Structure of [H3O]4{(UO2)4[C6H4(PO3)2]2F4} �H2O (Ubbp-2)

The result from single crystal X-ray diffraction experiments
revealed that Ubbp-2 crystallizes in the orthorhombic space
group Cmcm, has one crystallographically unique uranium center
in a UO5F2 pentagonal bipyramid, and that the structure is
layered. It consists of uranyl cations, UO2

2þ , that are bridged
through the phosphonate moieties into a one-dimensional chain.
The chains are cross-linked by the rigid phenyl spacers into a
pillared structure as shown in Fig. 3. A view along the c-axis
Fig. 3. A depiction of the layers in Ubbp-2 viewed along the a axis. The structure is

oxygen¼red, phosphorus¼magenta, carbon¼black and hydrogen¼white.(For interpre

web version of this article.)
(Fig. 4) reveals pentagonal bipyramids with edge-sharing fluoride
atoms to form uranyl dimers. These dimers are joined into sheets
of uranyl polyhedra through the PO3 moieties. The presence of
H3Oþ ions are essential to compensate for the charges from the
anionic layers, {(UO2)4[C6H4(PO3)2]2F4}4� .

The uranium(VI) site is bound to two axial oxygen atoms with
UQO bond distances of 1.790 (4) and 1.776(4) Å and an
OQUQO bond angle of 176.99(16)1. The U–O bonds along the
constructed from UO5F2 units, pentagonal bipyramids¼green, fluoride¼yellow,

tation of the references to color in this figure legend, the reader is referred to the
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equatorial axis are shorter than the U–F bonds, showing bond
distances of 2.334(3), 2.280(3) and 2.314(3) Å for O(3), O(4) and O(5),
respectively, while the F(1) and F(2) are at distances 2.366(2) and
2.378(2) Å from uranium center. The assignments of either F or O
atoms were made based on the improvements in the refinements
when the correct element was selected. Typically when the element
was incorrectly identified, it became nonpositive definite when
refined anisotropically. Energy dispersive spectrometer (EDS) analy-
sis also confirmed the presence of F atoms. The bond-valence sum
calculation of 5.85 from these bonds is consistent with U(VI) [11].
The phosphonate oxygen atoms are completely deprotonated with
average P–O bond distance of 1.526(3) Å.

3.4. {(UO2)[C6H2F2(PO2OH)2(H2O)}2 �H2O (Ubbp-3)

The structure of Ubbp-3 is remarkable and different from the
other two previously discussed structures. Ubbp-3 consists of
chains of UO7 pentagonal bipyramids that are connected through
the phosphonate moiety into a three-dimensional open-frame-
work structure. It adopts a tetragonal space group P42/nmc, this is
an uncommon space group among the uranyl phenylphospho-
nates. There are large channels that run parallel to c-axis as
shown in Fig. 5. These large channels contain water molecules
with internal dimensions of approximately 10.9�10.9 Å.
The pores consist of four uranyl units and four phenyldipho-
sphonates that are alternatively connected. It is important to
point out that two of the carbons of the phenyl rings are
fluorinated with the fluorine atoms pointing into the channels,
which confers on it a unique structure. There are also small
channels that are connected through the uranyl units with pores
size of approximately 2.9�2.9 Å.

This structure incorporates UO7 pentagonal bipyramids, the
most common form among the uranyl compounds [1,11]. There is
a crystallographically unique uranyl center, that is nearly linear
with [OQUQO]2þ bond angle of 179.0(4)1 and UQO bond
distances of 1.787(8) and 1.789(8) Å. Four oxygen atoms from the
Fig. 5. Illustration of the three-dimensional open-framework structure of Ubbp-3
viewed along the c-axis. The structure is constructed from UO7 units, pentagonal

bipyramids¼green, oxygen¼red, phosphorus¼magenta, carbon¼black and

hydrogen¼white.(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
phosphonate are arranged perpendicular to the uranyl axis, and the
U–O bond distances range from 2.299(5) to 2.346(6) Å. The fifth U–O
bond of 2.561(9) Å corresponds to terminal oxygen atom, and
therefore is a coordinated water molecule. Using these bond dis-
tances, we arrived at bond-valence sum of 6.07, which is consistent
with the oxidation state of uranium(VI) [11]. The P(1)–O(6)
bond distance of 1.565(7) Å is the longest P–O bond distance and
correspond to the terminal oxygen atom, this is the site of protona-
tion. We also observed a C–F bond distance of 1.714(10) Å (Fig. 6).
3.5. Fluorescence spectroscopy

The emission of green light centered near 520 nm by compounds
containing uranyl cations has been known for centuries [17].
When compounds containing UO2

2þ moiety are excited with UV
light, they exhibit a series of strongly vibronically-coupled charge-
transfer features. It typically consists of a five-peak spectrum, far
more lines can be observed at low temperature. Nevertheless, not all
uranyl compounds fluoresce and the mechanisms of the emission
from uranyl containing compounds are complex. Grohol and Clear-
field reported a considerable variance in the luminescence proper-
ties of two closely related uranyl phenylphosphonate compounds,
[UO2(HO3PC6H5)2(H2O)]2 �8H2O and UO2(HO3PC6H5)2(H2O) �2H2O,
whose structural differences are based on the conformational
differences of the phosphonate anions [9c]. As shown in Fig. 7, only
Ubpp-1 and Ubbp-2 compounds are luminescent, and show the
classical fluorescence spectra of uranyl compounds with five clearly
resolved vibronic transitions. Ubbp-3 did not fluorescence like other
compounds. Joshi et al. [18a] demonstrated in their studies on
lanthanide diketonates that fluorine substituent increases the fluor-
escence intensity because it decreases vibrational energy. This
observation has been supported further by results on fluorinated
4-pyridylethynyl complex with rigid rods and Zn metal ion [18b].
Although, there have also been certain anomalies reported in
Fig. 6. View of the uranyl chains connected by the phosphonate ligand in Ubbp-3.

The structure is constructed from UO7 units, pentagonal bipyramids¼green,

oxygen¼red, phosphorus¼magenta, carbon¼black and hydrogen¼white. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 7. Fluorescence spectrum of Ubbp-1 and Ubbp-2 showing five clearly

resolved vibronically-coupled charge-transfer transitions.
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fluorinated benzenes [19]. The fluorinated phenyl ring, the bonding
and topology of Ubbp-3 structure might be playing vital roles here.
4. Conclusions

The purpose of this work was to critically examine how the
uranyl salt anions influence the structural chemistry of uranyl
diphosphonate. There is a clear structural variation as we change
the uranyl salts. One possibility is to assume that the acetate and
nitrate counter ions of uranyl salts are acting as structure directing
agents in these syntheses. Both are inner-sphere ligands for UO2

2þ .
Moreover, a change of about 2 in pH units from replacement of
uranyl nitrate with acetate is likely to influence these structural
changes [12]. The use of rigid phenyl spacer allows for the synthesis
of a pillar compounds [10,12]. The position of the phosphonate
functional group via para-substituent on benzene ring is an impor-
tant driving force for the observation of three-dimensional networks
in these structures, a variation in position of the substituent results
in low-dimensional networks observed when the substituent is in
ortho-position [20]. The mineralizing agent, HF, is also often
incorporated into products where it forms metal fluoride bonds,
but this is the first time we observed the fluorination of the phenyl
ring in our system under hydrothermal condition. Fluorinated aryl
groups are versatile intermediates for the syntheses of various
complexes and functionalized derivatives. This conversion can be
carried out using HF in the presence of base as reported in the
several literatures [21]. The large voids in this structure are
suggestive of some unique characteristic properties for potential
applications in sorption, separation of gases and in catalytic pro-
cesses, the difficulty of obtaining a pure phase of Ubbp-3 did not
allow us to examine these properties further [14]. However, the
central issue that will be addressed in future studies is to develop
alternative route for the fluorination of the benzene ring and
subsequent coordination to uranyl cation to yield the pure phase
uranyl phosphonate framework.
Supporting information

Further details of the crystal structure investigation may be
obtained from the Cambridge Crystallographic Data Center on
quoting numbers CCDC 809134, 809135, and 809136.
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