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ABSTRACT: Heterometallic carboxyphosphonates UO,>*/Ln*" have been
prepared from the hydrothermal reaction of uranyl nitrate, lanthanide nitrate
(Ln = Sm, Tb, Er, Yb), and phosphonoacetic acid (H;PPA). Compound 1,
(UO,),(PPA)(HPPA),Sm(H,0)-2H,0 (1) adopts a two-dimensional structure
in which the UO,>* metal ions bind exclusively to the phosphonate moiety,
whereas the Ln*" ions are coordinated by both phosphonate and carboxylate
functionalities. Luminescence studies of 1 show very bright visible and near-IR
samarium (III)-centered emission upon direct excitation of the uranyl moiety.
The Sm®" emissive state exhibits a double-exponential decay with lifetimes of
67.2 + 6.5 and 9.0 + 1.3 pus as measured at 594 nm, after excitation at both 365
and 420 nm. No emission is observed in the region typical of the uranyl cation,
indicating that all energy is either transferred to the Sm®" center or lost to
nonradiative processes. Herein we report the synthesis, crystal structure, and
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luminescent behavior of 1, as well as those of the isostructural terbium, erbium, and ytterbium analogues.

B INTRODUCTION

As the field of hybrid materials, including metal—organic frame-
works (MOFs) and coordination polymers (CPs), matures, its
influence is felt further and further out in the periodic table. By
now, it has encountered the actinides, and among them it has
found particular favor with uranium. In addition to the usual
(i, utilitarian) reasons for studying MOFs, uranium-con-
taining hybrid materials are interesting for historically and
politically founded reasons. Both weapons legacy waste from
the last century and the environmental implications of the
nuclear fuel cycle have made the interaction of uranium with
environmentally (biologically and geologically) relevant func-
tional groups particularly meaningful.' > Among the more pertinent
functional groups in environmental systems are carboxylates
and phosphonates, both of which have been successfully
employed in the synthesis of uranium-containing hybrid
materials.*'® For example, the use of carboxyphosphonates
as ligands permits both functionalities to be incorporated into a
single compound."'™"® The presence of a heterofunctional
ligand opens up a second possibility, namely the intro-
duction of a second metal center. In fact, the affinity of the
harder metal for the harder functionality (and vice versa) has
been exploited to create heterometallic UO,**-TM** com-
pounds.>'®7%°

Reports of heterometallic uranyl-lanthanide hybrid com-
pounds, by comparison, are fairly rare in the literature,” ~>* and
most, if not all, have been constructed using carboxylate-
functionalized organic ligands. Yet within separations chem-
istry, reactions of lanthanide and actinide metal cations with
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phosphonate chelating agents have received considerable
attention because of their unusually high stability.”>~>* Both
lanthanide and actinide cations are known to form strong
complexes with phosphonate donor ligands whose relative
stabilities are orders of magnitude greater than those of
carboxylate ligands with comparable acidity.”**” For a given
ligand, separations schemes often rely on small differences in
the stability of lanthanide and actinide complexes for successful
separation. Using this idea, in this work, we aimed to capitalize
on differences in the affinity of the UO,>* versus Ln’* ions for
phosphonate and carboxylate moieties as well as steric restraints
imposed by very different coordination geometries of the metal
ions to prepare UO,**/Ln*" heterometallic materials. Further,
can luminescence of the uranyl cation be used to stimulate
lanthanide emission?

Lanthanide luminescence results from f—f transitions, which
possess low molar absogptivities, leading to inefficient direct
excitation of the ion.?”*® As such, it is common to sensitize
lanthanide emission through a donor, typically an organic
ligand. In this process, commonly referred to as the antenna
effect, the donor is excited and, subsequently, transfers energy
to the lanthanide ion, which can then decay through lumine-
scence. To be effective, it is necessary for the energy levels of
the donor to be near enough to the acceptor to allow energy
transfer to occur but not too close to allow loss of energy via
back-transfer to the donor or other energy migration pathways.
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For europium(III) and terbium(III) systems, it has been found
that the emissive level should be roughly 2500—5000 cm™
below the donating energy level for efficient sensitization to
occur.’® The optimum energy gap has not been empirically
determined for other lanthanide complexes, most likely due to
the increasing capacity of other lanthanide ions to lose their
energy to nonradiative processes arising from smaller energy
gaps between the emissive and ground states. However, the
6G5 /, emissive excited state of samarium(III) at 17 800 cm™" is
close to the europium(III) *D, emissive level at 17 300 cm™,
leading thus to the assumption that the emissive state of UO,*,
situated close to 20 000 cm™, may be appropriately positioned
to sensitize samarium(I1I) emission. While uranyl sensitization
of Eu®" has been relatively well studied,®* >’ there are few
reports of using Sm*" in a similar fashion, and these are
primarily in oxide lattices rather than in CPs, as seen here.**™**
While synthesis of the europium analogue of the title com-
pound was not successful, the samarium compound provides a
suitable alternative model system to explore this assumption.

The ability to predictably select a second metal using the
heterofunctional carboxyphosphonate ligand phosphonoacetic
acid (H;PPA) and the promise of uranyl-sensitized lanthanide
emission prompted the hydrothermal synthesis of
(UO,),(PPA)(HPPA),Sm(H,0)-2H,0 (1), as well as iso-
structural erbium, terbium, and ytterbium analogues. In
addition to the crystal structure, we present luminescence
data confirming uranyl sensitization of samarium. The lumines-
cent behavior of the terbium and erbium analogues is also
discussed. These lanthanide ions offer the opportunity to
explore uranyl sensitization of lanthanide emission within
inorganic—organic hybrid systems, with lanthanide emitting
levels lying above, just below, and well below the emissive level
of the uranyl cation, respectively.

B EXPERIMENTAL SECTION

Synthesis. Caution! Whereas the uranium oxynitrate hexahydrate,
(UO,)(NO;),-6H,0, used in this investigation contains depleted uranium,
standard precautions for handling radioactive substances should be
Sollowed.

Compound 1 was synthesized hydrothermally. Uranium oxynitrate
hexahydrate (0.177 g, 0.35 mmol), phosphonoacetic acid, 98% (0.098 g,
0.67 mmol), samarium nitrate hexahydrate (0.169 g, 0.38 mmol), S M
ammonium hydroxide (0.150 mL, 3.7 mmol), and distilled water (4 g,
278 mmol) were combined in a 23 mL Teflon-lined Parr bomb in an
approximate molar ratio of 1:2:1:10:794, respectively, to give a
solution of pH 1.6. The reaction vessel was then sealed and heated
statically at 150 °C for 3 days. Upon cooling to room temperature, a
clear yellow solution (pH 1.5) was decanted and yellow platelike
crystals were obtained. The crystals were washed with water, sonicated
in ethanol, washed with ethanol, and then allowed to air-dry at room
temperature (yield 35% based on uranium). Elemental analysis was
performed by Galbraith Laboratories (Knoxville, TN). Obsd (calcd)
for samarium: C, 5.90 (6.23); H, 1.10 (1.22). Obsd (calcd) for erbium:
C, 6.14 (6.14); H, 1.05 (1.20). Isostructural terbium, erbium, and
ytterbium analogues of compound 1 were prepared by replacing
samarium nitrate with the corresponding lanthanide nitrate salt, and
structures were confirmed via powder X-ray diffraction (XRD; Figure
S1 in the Supporting Information).

X-ray Structure Determination. A single crystal was isolated
from the product and mounted on a Micromount needle (MiTeGen).
Reflections were collected at 100 K on a Bruker SMART diffracto-
meter equipped with an APEX II CCD detector using Mo Ka
radiation and a combination of 0.5° @ and ¢ scans. Details of the data
collection and refinement can be found in Table 1. The data were
integrated and corrected for absorption using the APEX2 suite of
crystallographic software.*® The structure was solved using direct

202

Table 1. Crystallographic Structure Refinement Data for 1

empirical formula C¢H,,0,,P;SmU,

fw 1157.49
temperature (K) 100

A(Mo Ka) 0.7103

cryst syst monoclinic
space group P2,/c

a (A) 10.9448(15)
b (A) 10.2738(14)
c(A) 20.392(3)
B (deg) 103.451(2)
VvV (A) 2230.1(5)

z 4

Dy (g/em®) 3.448

u (mm™) 17.403
GOF on F* 1.058

R1 [I > 26(I)] 0.0403
wR2? 0.0846

“R1 = YIIF,| — IEJl/YIF,l; wR2 = { Y. [w(F,2 — F2)*/ Y. [w(F,2)*]}V2

methods and refined using SHELXL-97* within the WinGX software
suite.*’ A search for higher symmetry using PLATON*® suggested no
changes to the space group. Hydrogen atoms could be located in the
Fourier electron difference map but could not be satisfactorily refined
and were therefore placed in calculated positions.

Positional disorder of one of three crystallographically unique PPA
ligands over two positions required using a PART command, wherein
the dominant component (A) accounted for 78% of the PPA ligand.
The total occupancy of the major (A) and minor (B) components was
fixed to 100%, with B therefore accounting for 22%. A SAME
command was used to ensure that the two components were modeled
similarly. Disagreeable thermal parameters in component B required
the use of an EADP command to fix thermal parameters to match
those of similar atoms in component A (i.e, CSB was fixed to the
values of CSA). Crystallographic data may also be obtained free of
charge from the Cambridge Crystallographic Data Centre (CCDC) at
http://www.ccdc.cam.ac.uk/ by referencing CCDC 777417.

Powder XRD data were collected using a Rigaku Miniflex
diffractometer (Cu Ka, 3—60°). The observed and calculated patterns
were compared to confirm that the single crystal was representative of
the bulk and both were in agreement. Powder XRD was additionally
used to confirm that phases synthesized using other lanthanides were
isostructural with 1. Note that the ytterbium analogue could not be
prepared as a pure phase. Powder XRD data are available as
Supporting Information (Figure S1).

Luminescence. Luminescence and lifetime measurements were
conducted on a powdered sample using a Horiba Jobin Yvon Spex
Fluorolog-3 fluorimeter. The sample was placed into the solid-state
sample holder with a quartz cover window and was excited at 45° with
a 450 W continuous-wave xenon lamp through a double-grating
excitation monochromator with 1200 grooves/mm and blazed at 330
nm. Emission detection was done at 45° through a double-grating
emission monochromator [1200 grooves/mm for visible and 600
grooves/mm for near-IR (IR)] with a 500 nm blaze. Samples were
excited at 365 and 420 nm, and a diffuse-reflectance spectrum can be
found in Figure S2 in the Supporting Information. These are charge-
transfer bands, well-known to result in emission from uranyl centers,
and are nominally 36, = 5f; and 36, — Sf,, transitions (~420 nm)
and charge transfer from equatorial ligands (~365 nm). This is an
admittedly simplistic description of these transitions yet suffices for the
purpose of the experiments (and results) described herein. Further
details of these transitions may be found in an extensive treatment by
Denning.49

Visible emission was detected using a R928P photomultiplier tube
(emission/excitation slits at 5 nm), whereas NIR emission (emission/
excitation slits at 1 nm) was detected with a liquid-nitrogen-cooled
Hamamatsu RS5509-73 near-IR photomultiplier tube. Lifetime

dx.doi.org/10.1021/ic201450e | Inorg. Chem. 2012, 51, 201-206


http://www.ccdc.cam.ac.uk/

Inorganic Chemistry

Figure 1. Polyhedral representation of (a) the local structure of 1 and (b) the packing diagram of 1 viewed down the [100] direction. Yellow
polyhedra represent U'! atoms in hexagonal- and pentagonal-bipyramid geometries. Purple polyhedra are eight-coordinate Sm*" sites. Brown
polyhedra, black lines, and red circles represent phosphorus, carbon, and oxygen atoms of the PPA ligand. Solvent water has been omitted for clarity.

Figure 2. Polyhedral representation of the topology of the sheet (a) with and (b) without Sm** polyhedra.

measurements were fitted using Origin 7.0. Excitation and emission
spectra were corrected for instrumental response.

B RESULTS AND DISCUSSION

Structure. In previously synthesized uranium(VI)-containing
carboxyphosphonates, the uranyl cation showed preferential bind-
ing to the ghosphonate moiety over the carboxylate function-
ality."™"*''° In fact, in some of these compounds, the car-
boxylates were left completely uncoordinated,'"® opening the
possibility of introducin§ a second metal center to coordinate to
those free carboxylates.'” The fundamental concept behind the
assembly of these UO,**-TM*" materials lies in hard/soft acid/
base chemistry. Where there was a hard metal cation (e.g., uranyl)
and a hard functionality (e.g, phosphonate), the interaction of
these was favored to the exclusion of interactions between a hard
cation and a softer functionality (e.g, carboxylate). Both UO,*"
and Ln®" are hard metal cations, and thus the hard/soft distinction
is less clear. Yet, within waste cleanup and processing chemistry,
small differences in the relative stability of lanthanide and actinide
complexes with a given ligand are often used to drive separations.
Here, the synthesis of 1 has been achieved by harnessing the
coordination preferences of the metal cations.
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Compound 1 adopts a two-dimensional structure that con-
sists of two crystallographically unique uranium metal centers,
one unique samarium site, and three unique phosphonoacetate
units (Figure 1). Ul is bound to two axial oxygen atoms
(01 and 02) at distances of 1.779 and 1.758 A, respectively.
Ul is then equatorially coordinated to six phosphonate oxygen
atoms (O3—08) from three phosphonoacetate ligands to form
a hexagonal-bipyramid geometry. Each phosphonoacetate
molecule is bound to Ul in a bidentate manner through two
phosphonate oxygen atoms. U2 is similarly coordinated to two
axial oxygen atoms (O10 and O11) at distances of 1.753 and
1.774 A. U2, however, is equatorially coordinated to five
phosphonate oxygen atoms from five acid units to form an
overall pentagonal-bipyramid geometry; the PPA ligands are
bound to U2 in a monodentate manner through —PO; oxygen
atoms. Coordination of P1PA and P2PA to both Ul and U2
through phosphonate oxygen atoms O4 and OS, respectively,
results in the edge-shared dimers shown in Figure 1. Further, the
phosphonoacetate ligands link the dimers along [010] and [100]
into the two-dimensional sheets shown in Figures 1 and 2.
Additionally, there is one unique samarium metal center that is
coordinated to eight oxygen atoms from four phosphonoacetate
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Figure 3. Polyhedral representation of francoisite (a) viewed down [100] showing the uranylphosphate sheets linked via Nd** ions and (b)

illustrating the topology of the two-dimensional layers. Yellow polyhedra represent U"!

atoms in hexagonal- and pentagonal-bipyramid geometries.

Purple polyhedra are nine-coordinate Nd3* sites. Brown polyhedra represent phosphate units.

ligands and one water molecule (O18). Three of the
phosphonoacetate ligands are bound to Sm®' in a bidentate
manner through phosphonate and carboxylate oxygen atoms,
while one is bound in a monodentate manner through a single
phosphonate oxygen atom (O8). Each Sm®" cation edge-shares
with two Ul sites through —PO; oxygen atoms O3, 08, O6,
and O7. As illustrated in Figure 1, the Sm*®* cations essentially
decorate the [(UO,),(HPPA),(PPA)]* sheets via coordination
to —CO, and —PO; oxygen atoms. Finally, as shown in Figure
1b, carboxylate oxygen atoms O14, O17, and 020 are unbound
and protrude into the interlayer. Solvent water is also found in
the interlayer. A thermal ellipsoid plot of 1 is available in the
Supporting Information (Figure S3).

Moreover, the structure of 1 may be compared to the mineral
francoisite, a uranyllanthanide mineral for which the neo-
dymium end member is of the formula Nd[(UO,),;0(OH)-
(PO,),]-6H,0.3%°" Similarities include the presence of
uranyl-phosphate sheets that are charge-balanced via lanthanide
ions in the interlayer regions (Figure 3). In both materials,
uranyl secondary building units (dimers in 1 and infinite chains
in francoisite) are linked through edge-sharing phosphate
groups to produce overall layered topologies. These layers are
puckered in 1 with respect to francoisite, and the degree of
uranyl oligomerization is much less, as can be implied from the
U:P ratios (1:3 in 1 as opposed to 1:0.667 in francoisite).

Luminescence Studies. Luminescence studies show very
bright visible and NIR samarium(III)-centered emission upon
direct excitation of the uranyl moiety, as shown in Figure 4.
The excitation spectrum (Figure S4 in the Supporting
Information) shows charge-transfer bands in the range of
350—475 nm (primarily assigned to the uranyl moiety) and
possibly additional weak samarium(IIT) f—f transitions present
(see Table S1 in the Supporting Information). Because the
spectrum contains multiple peaks of similar intensities, only the
UO,>" excitation wavelengths (365 and 420 nm) were utilized
to explore sensitization. Upon uranyl excitation, the energy is
either transferred to the Sm®" centers or lost to nonradiative
processes within the crystal lattice. The uranyl center is
nonemissive, as is evidenced by the flat region of the emission
spectrum from 450 to 550 nm, where the UO,*" emission
would be expected. Sm** emission is observed from 550 nm to
approximately 1200 nm, with the peak assignments summarized
in Table 2. For comparison, a sample of SmCl; was analyzed
through excitation at 365 and 420 nm as well. Both visible and
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Figure 4. Visible and NIR emission from the Sm®" centers upon direct
uranyl excitation at 420 nm. No uranyl emission is observed between
500 and 550 nm, indicating that all energy is either transferred to the
Sm** ions or lost to nonradiative pathways.

Table 2. Peak Assignment for the Observed Sm>
Transitions

wavelength (nm) transition (*Gs, — X)

562 °Hy),
597, 605 °H,),
644 Hyp»
703 Hiyp
781 6H13/2
879 Fi
898 “Fy
923 6Hls/z
944 By
1003, 1024 Fo)
1125, 1194, 1209 Fo/

NIR emission were observed for the salt sample, albeit much
less intensely, as would be expected for the direct excitation
process.”> In 1, the Sm®" emissive state exhibits a double-
exponential decay with lifetimes of 67.2 & 6.5 and 9.0 + 1.3 us
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as measured at 594 nm, after excitation at either 365 or 420 nm.
The double exponential can be attributed to the different
environments experienced by the Sm®" ions within the crystal
lattice (67 us) and those at the surface (9 us).>® The larger
value is within the range typically observed for Sm®* emission
both in the solid state and in various solvents.*”>® These
results indicate that the uranyl moiety is a highly efficient
sensitizer of Sm>" emission within this sample, particularly in
this structure, where the U—Sm distances are quite close at
approximately 4 and 6 A. The closest uranium center is bound
through bridging ligands in an edge-sharing fashion, allowing
for close proximity and facilitating energy transfer.

Other lanthanide ions presented herein have emissive states
higher or much lower in energy than that of the uranyl cation,
making energy transfer unlikely and resulting in either UO,*"
emission only or no emission at all. The U—TDb system provides
an example of this. The emissive excited state of terbium(III) is
located close to 20 500 cm ™, and upon direct uranyl excitation,
no Tb* emission and only the typical uranyl emission were
observed. Lifetime measurements were conducted at 545 nm,
which corresponds to a uranyl transition but also to the
Tb*D, — "F transition. The observed lifetime of 25.5 + 0.8
us, with a single-exponential decay profile, can be attributed to
the UO,*" emission, which is typically in the range of tens of
microseconds,®” while the Tb>* emissive state is usually much
longer lived, in the range of hundreds of microseconds to
milliseconds. With a low-lying 4113/2 emissive state at
approximately 6500 cm™', the U—Er system demonstrates a
somewhat different energy migration pathway in that neither
uranyl nor Er** NIR emission were observed, indicating the loss
of any absorbed energy via nonradiative processes. The
presence of uranyl emission in the terbium system and lack
thereof in the erbium system indicate that energy transfer from
the uranyl to the erbium is still occurring, but once the excited
state of erbium is populated, the energy is lost to either lattice
phonons or other deactivating vibrational modes.

B CONCLUSION

We have successfully synthesized a heterometallic 4f—5f
compound and characterized the uranyl sensitization of Sm>".
This is an intriguing observation because previous studies of
uranyl sensitization have focused on either amorphous or
purely oxide phases with varying degrees of donor—acceptor
concentrations. Consistent with previous studies, however, we
note the appropriate match of energy levels for uranyl—Sm®"
energy transfer and the absence of sensitized emission in
Er’* and Tb* ions. Moreover, in addition to samarium
luminescence, 1 shows no emission in the region typical of the
uranyl cation, indicating that the energy is transferred to the
Sm>" center, as can be seen from the samarium-centered
emission spectrum. In view of the structural diversity possible
within uranyl CPs in general, one may consider the opportunity
to tune (for example) Ln**—UO,*" distances and connectivity
to explore the efficiency of the energy transfer as a function
thereof.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data for complex 1 in CIF format, a
thermal ellipsoid plot, powder XRD patterns of 1 and
isostructural terbium, erbium, and ytterbium compounds, and
luminescence data. This material is available free of charge via
the Internet at http://pubs.acs.org.
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