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The hydrothermal reactions of thorium nitrate and uranyl acetate with carboxyphenylphosphonic acid and HF result in
the formation of Tth(P03C6H4C02H) and UOQ(P03H06H4002H)2‘2H20, reSpeCtiver. Tth(PO3CGH4002H)
adopts a pillared structure constructed from thorium oxyfluoride layers built from [ThO4F,] units that are bridged by
carboxyphenylphosphonate to yield a three-dimensional network. UO,(POzHCgH4CO5H), - 2H,0 forms one-dimen-
sional chains of UQg tetragonal bipyramids that are bridged by the phosphonate moiety of the ligand. The carboxylate
portion of the structure links the chains together into layers via a hydrogen-bonding network. The higher effective
charge and more isotropic coordination of the Th(IV) centers versus the uranium centers contained within uranyl
cations allow for coordination by the protonated carboxylate portions of the ligands to the thorium cations, which does
not occur with uranium in carboxyphosphonates. UO,(PO3HCgH,CO,H),-2H,O displays vibronically coupled
fluorescence and the potential for energy transfer from the ligand to the charge-transfer bands of the uranyl cations.
The main fluorescence by the ligand is quenched in ThF,(PO3CgH4COoH).

Introduction

Our understanding of the solid-state chemistry of actinides
has rapidly expanded over the past decade owing to the
development of new synthetic methods and analytical tech-
niques. Uranyl oxoanion chemistry is particularly demon-
strative of this expansion, with the number of unique struc-
ture types of purely inorganic uranyl compounds more
than doubling between 1997 and 2005." Despite the sheer
number of new uranyl topologies, novel structures continue
to appear at a rapid rate owing to three factors. First, new
synthetic methods are being applied.” Second, new oxoanions
are being used to ligate uranium. Third, the coordination
chemistry of uranium is highly flexible, which is exemplified
by U(VI) occurring as tetragonal, pentagonal, and hexagonal
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bipyramids in almost limitless combinations.> While new
uranyl compounds can probably be made ad nauseum, we
are finally reaching the point where topological relationships
can be developed,” and of equal importance, the rudiments of
materials design are finally taking place, yielding solids with
selective ion-exchange,’ mixed valency, ionic conductivity,’

enhanced fluorescence,® magnetic ordering,”™ and nonlinear
optical properties.”™>%
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Actinide carboxyphosphonates are a rapidly expanding
family of compounds that are exclusively known where the
actinide is uranium in the form of uranyl, UO,>". There are
about 20 of these compounds that have been reported in the
past few years."' !> The best represented carboxyphospho-
nate in this family is phosphonoacetate, although a smaller
subset of compounds with 2-phosphonopropionate have
been prepared and characterized.'> The compounds are typi-
cally layered with anionic uranyl carboxyphosphonate
networks separated by either alkali metal or organoammo-
nium cations. The addition of transition metals allows for
the lower dimensional features to be connected into higher
dimensional frameworks. (UO,),(PPA),(HPPA)Zn,(H,0),-
3H,0' and [H;0](UO,),Cus(PPA);(H,0), (PPA = phosp-
honoacetate)'! are both examples of structures where the
transition metals connect low-dimensional uranyl phospho-
noacetate networks into three-dimensional frameworks,
although it was shown in Cs3[(UO,)4(PO;CH,CO,),(POs-
CH,CO,Hy 5),]-nH»O that canting of the uranyl polyhedra
can lead to the formation of a 3D framework without the
addition of transition metals.'*

It has been previously shown that rigid diphosphonates
with phenyl spacers allow for the construction of uranyl
compounds with pillared structures.'® Carboxyphospho-
nates represents a variation on this where one of the phos-
phonate moieties has been replaced by a carboxylate group.
It has been demonstrated in the carboxyphosphonates
that the PO3; moiety has a much stronger propensity for
binding the U(VI) centers than does the carboxylate
portion."! !> This would be consistent with comparative
studies of phosphonates and carboxylates in solution.!”
Using this ligand we have examined how the carboxylate
portion differs from bonding between Th(IV) and U(VI).
These actinides vary substantially in their effective charges
with Th(IV), displaying an effective charge that matches its
formal oxidation state, whereas U(VI), contained within
UO,>*, behaves as a cation with an effective charge of
3.3."8 Furthermore, they also diverge in their preferred
coordination environments with Th(IV), favoring eight-
and nine-coordinate dodecahedral and tricapped trigonal
prismatic environments lacking central actinyl units, while
U(VI) is found as the various bipyramids previously dis-
cussed. Herein we report the synthesis, structures, and
fluorescence properties of ThF,>(PO;C¢H4CO,H) and UO,-
(PO3HC¢H4CO,H),-2H,0.

Experimental Section

Synthesis. UO,(C,H30,),:2H,0 (98%, Alfa-Aesar), Th-
(NO3)4-xH,0 (99%, Aldrich), HF (48 wt %, Aldrich), and
4-carboxyphenylphosphonic acid (97%, Epsilon Chimie) were
used as received. Reactions were run in PTFE-lined Parr 4749
autoclaves with a 23 mL internal volume. Distilled and Milli-
pore-filtered water with a resistance of 18.2 MQ-cm was used in
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Table 1. Crystallographic Data for ThF,(PO;CsH4CO,H) (Thepp) and UO,-
(PO3HC6H4C02H)2 . 2H20 (UCpp)

Thepp Ucpp
formula mass 469.11 706.22
color and habit white, tablet yellow, tablet
space group P2,/c (No. 14) P1 (No. 2)
a(A) 7.5507(2) 5.5126(13)
b (A) 5.6983(2) 6.7658(15)
c(A) 23.3644(7) 13.762(3)
a (deg) 90 90.981(2)
B (deg) 99.0066(3) 95.009(2)
7 (deg) 90 106.399(2)
v (A) 992.88(5) 490.05(19)
z 4 1
T (K) 100 100
2 (A) 0.71073 0.71073
Peated (2 cm ) 3.138 2.393
u(Mo Ka) (mm™") 15.21 8.518
R(F) for F,* > 20(F,)" 0.014 0.019
Ru(FD)" 0.034 0.044

“R(F) = YIF| = IFI/SIFl. "RFY) = [Cw(Fs — F2Y

SIw(F O],

all reactions. Standard precautions were performed for handling
radioactive materials. Experimental and calculated powder
X-ray diffraction patterns can be found in the Supporting
Information. These data demonstrate that high-purity samples
can be obtained for both compounds.

ThF,(PO;CcH4CO,H) (Thepp). Th(NO3),- xH,O (96.2 mg,
0.200 mmol) and 4-carboxyphenylphosphonic acid (40.5 mg,
0.200 mmol) were loaded into a 23 mL PTFE-lined autoclave.
Water (0.5 mL) was added to the solids, followed by addition of
two drops of HF. The autoclave was sealed and heated to 190 °C
in a box furnace, and the temperature was held constant for 72 h.
The autoclave was then cooled at an average rate of 5 °C/h until
it reached room temperature. Initial pH = 0.77. The resulting
product was washed with distilled water and methanol and
allowed to air-dry at room temperature. Colorless tablets of
Thepp were isolated. Yield: 70 mg (74% based on thorium).

UOZ(PO3HC6H4COZH)2 . 2H20 (UCpp). UOz(C2H302)2 . 2H20
(53.4 mg, 0.126 mmol), 4-carboxyphenylphosphonic acid (50.4 mg,
0.250 mmol), 0.5 mL of water, and two drops of HF were loaded
into a 23 mL autoclave. The autoclave was sealed and heated to
180 °C in a box furnace for 3 days. The autoclave was then cooled at
an average rate of 5 °C/h to 25 °C. Initial pH = 2.55. The resulting
yellow product was washed with distilled water and methanol and
allowed to air-dry at room temperature. Yellow tablets of Ucpp
suitable for X-ray diffraction studies were formed. Yield: 58.8 mg
(66% based on uranium).

Crystallographic Studies. Single crystals of Thepp and Ucpp
were mounted on glass fibers and optically aligned on a Bruker
APEXII CCD X-ray diffractometer using a digital camera.
Initial intensity measurements were performed using a standard
sealed tube (Mo) 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 ¢ angle for the crystal, and
each exposure covered a range of 0.5° in w. A total of 1464
frames were collected with an exposure time per frame of 30 or
40 s, depending on the crystal. SAINT software was used for
data integration including Lorentz and polarization corrections.
Semiempirical absorption corrections were applied using the prog-
ram SADABS." The program suite SHELXTL was used for
space group determination (XPREP), direct methods structure
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SMART CCD based on the method of Blessing: Blessing, R. H. Acta Crystal-
logr. 1995, A51, 33.



Article

'{r g P
[y ey =
‘ ;E( ‘:{‘ pt
' ‘ l

\

a

Figure 1. Polyhedral representation of the structure of ThF,(PO;CsHy-
CO,H) viewed along the b axis. The structure contains dodecahedral
[ThO4F,] units (deep green), oxygen = red, phosphorus = magenta,
fluoride = yellow, carbon = black, hydrogen = white.

solution (XS), and least-squares refinement (XL).?® The final
refinements included anisotropic displacement parameters for
all atoms. Selected crystallographic information is listed in
Table 1. Atomic coordinates, bond distances, and additional
structural information are provided in the Supporting Informa-
tion (CIF).

Fluorescence Spectroscopy. Absorption and fluorescence data
were acquired from the ligand and both compounds 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 fluo-
rescence spectroscopy. The absorption spectra are provided in
the Supporting Information.

Powder X-ray Diffraction. Powder X-ray diffraction patterns
of the products of both reactions were collected on a Scintag
theta—theta diffractometer equipped with a diffracted-beamed
monochromatic set for Cu Ka (A = 1.5418 A) radiation at room
temperature in the angular range from 10° to 80° (26) with a
scanning step width of 0.05° and a fixed counting time of 1 s/step.
The collected patterns were compared with those calculated
from single-crystal data using ATOMS and Mercury (see Sup-
porting Information).

Infrared Spectroscopy. Infrared spectra were obtained from
single crystals of both compounds using a SensIR Technology
IluminatIR FT-IR microspectrometer. A single crystal of each
compound was placed on a glass slide, and the spectrum was
collected with a diamond ATR objective. The spectra can be
found in the Supporting Information.

Results and Discussion

Synthesis. ThF,(PO;C¢H4CO,H) and UO,(PO;HCq-
H4CO,H),-2H,0 can be prepared under mild hydrother-
mal conditions in reasonable yield. The addition of HF to
the reactions is essential, and it serves as both a miner-
alizing agent and ligand in the preparation of Thepp and
only as a mineralizing agent in the synthesis of Uccp. The
reaction temperature and the amount of water present in

(20) Sheldrick, G. M. SHELXTL PC, Version 6.12, An Integrated System
for Solving, Refining, and Displaying Crystal Structures from Diffraction Data;
Siemens Analytical X-Ray Instruments, Inc.: Madison, WI, 2001.
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Figure 2. Local coordination environment in ThF,(PO;C¢H4CO,H).
Ellipsoids are shown at the 50% probability level.

the reactions have to be carefully controlled to obtain
Thepp and Ucpp.

General Structural Characteristics. ThF>(PO;CsH4CO,H)
(Thepp) crystallizes in the centrosymmetric, monoclinic
space group P2;/c and possesses thorium oxyfluoride layers
that extend in the [ab] plane that are linked by the carbox-
yphenylphosphonate ligand into what could be described as
a pillared structure, as shown in Figure 1. The thorium
polyhedra consist of eight-coordinate [ThO4F4] dodecahedra
as depicted in Figure 2. The thorium units edge-share via
bridging fluoride ions to create one-dimensional chains that
extend along the b axis. These chains are in turn linked by
bridging POz moieties to yield layers. The resulting sheets are
cross-linked together by the carboxyphosphonate ligands
into a neutral three-dimensional network.

The Th—F bond distances, which range from 2.329(2)
to 2.460(2) A, are on average longer than the Th—O
bonds to the phosphonate group, with the latter bond
distances occurring from 2.273(2) to 2.312(2) A. The
single Th—O bond to the carboxylate moiety is substan-
tially longer than all of the other interactions, at 2.552(2)
A. The C—O bonds within the carboxylate moiety are
1.234(3) and 1.313(3) A. The shorter C—O bond length
represents the oxygen atom participating with an inter-
action with the Th(IV) center. The oxygen atom involved
in the considerably longer C—O bond does not interact
with a metal center. This is indicative of a protonated
group, C—OH, and this is also required for charge
balance considerations. The various bridging ligands
yield a typical spacing between the thorium atoms of
approximately 4 A. Similar distances have been repor-
ted in actinide-organic open-framework structures.”! The
P—O bond distances are normal and range between
1.515(2) and 1.525(2) A.'® Using the Th—F and Th—O
bond distances, a bond-valence sum of 4.21 was calcu-
lated, which is consistent with Th(IV).>

Structure of UO,(PO;HCcH4CO,H),-2H,O (Ucpp).
Ucpp crystallizes in the centrosymmetric, triclinic space
group P1, and forms one-dimensional chains in which the
uranium atoms are found as UQOgq tetragonal bipyramids,

(21) Kim, J.-Y.; Norquist, A.J.; O’'Hare, D. J. Am. Chem. Soc. 2003, 125,
12688-12689.

(22) (a) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.
(b) Brese, N. E.; O'Keeffe, M. Acta Crystallogr. 1991, B47, 192.
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Figure 3. Polyhedral view along the b axis of UO,(POsHCsH4CO,H), -
2H,0. The structure is constructed from UOg tetragonal bipyramids
(green), oxygen = red, phosphorus = magenta, carbon = black, hydro-
gen = white.

Figure 4. ORTEP diagram of the compound UO,(POsHCsH4CO,H),-
2H,0. The ellipsoids are shown at the 50% probability level.

a less common coordination environment for uranium.?
The UOg units contain a central uranyl cation, UO,>",
that is bridged by the phosphonate moieties parallel to the
b axis (Figure 3). These chains are similar to those found
in uranyl phenylphosphonates.*® These uranyl phospho-
nate chains are cross-linked by hydrogen bonds between
the carboxylate groups of neighboring chains to yield
layers. There are further hydrogen bonds with the cocrys-
tallized water molecules that link the layers into a three-
dimensional network.

The uranium is bound by two oxygen atoms along the
axial positions, creating a characteristic uranyl cation,
UO,*>", with bond distances of 1.784(2) A (x2). The
additional four oxygen atoms from the phosphonate

(23) Grohol, D.; Subramanian, M. A.; Poojary, D. M.; Clearfield., A.
Inorg. Chem. 1996, 35, 5264.
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moieties (O(2"), O(2"), O(4), and O(4')) are bound to the
uranyl cation in the equatorial plane with an average
bond distance of 2.295(2) A (Figure 4). These distances
can be used to calculate a bond-valence sum for the
uranium center of 6.12, which agrees well with the formal
oxidation state of +6.> Three P—O bond distances of
1.506(2), 1.529(2), and 1.556(2) A reveal the presence of a
P—OH group, which also corresponds to the only oxygen
atom from the phosphonate group that is not coordinat-
ing a uranium center. The carboxylate C—O bond dis-
tances of 1.267(4) and 1.271(4) A are essentially equal and
demonstrate that the proton is equally distributed over
both oxygen atoms, as shown in Figure 3. The hydrogen-
bonding contacts between the pairs of oxygen atoms are
2.602(4) A, which is quite reasonable for this type of
hydrogen- bondmg network.

From these two structures some interesting compari-
sons can be made. First, these low-pH syntheses yield
structures in which the carboxylate moieties are proto-
nated. Second, in previously described uranyl carboxy-
phosphates, protonated carboxylate moieties have not
been found to interact with the uranium atoms and are
invariably directed into the interlayer space. Uranyl and
Th(IV) coordination environments dre substantially dif-
ferent, as are their effective charges These two factors
are likely to be responsible for the bonding differences
between U(VI) and Th(IV) to the carboxylic acid portions
of the ligand. This makes extended structures that are
created by metal—ligand bonds instead of structures
where higher dimensionality is created by hydrogen-
bonding networks. It should be noted that the interaction
between the carbonyl group and the Th(IV) center is quite
long and probably represents a weak interaction similar
to coordinating water molecules, which have similar
Th—O distances.

Fluorescence Spectroscopy. The emission of green light
centered near 520 nm by uranyl compounds has been
known for centuries, and in fact it was this property from
which the term “fluorescence” was first coined in France
in the late 1700s. The emission is strong enough from
some compounds that the long-wavelength UV light in
sunlight is enough to induce a green glow that can be
clearly observed by the naked eye. The charge-transfer-
based emission is in fact vibronically coupled to both
bending and stretching modes of the uranyl cation, and
while most investigators describe a five-peak spectrum,
far more hnes can be observed, particularly at low tem-
peratures.”* Furthermore, the resolution of individual
vibronic transitions can also be coupled to the crystal-
linity of the sample, and disorder within the equatorial
plane of the uranyl group, as occurs in glasses, signifi-
cantly decreases the resolution of individual transitions.>*
The emission is, in fact, exceedingly complex and has been
examined in detail from solid samples (e. £ from salts of
[UO,Cl,]*") by Denning and co-workers.” Not all uranyl
compounds fluorescence, however, and the mechanisms

(24) Liu, G.; Beitz, J. V. In The Chemistry of the Actinide and Transacti-
nide Elements; Morss, L. R.; Edelstein, N. M.; Fuger, J. Eds.; Springer:

Heidelberg, 2006; p 2088.
(25) Denning, R. G.; Norris, J. O. W.; Short, 1. G.; Snellgrove, T. R.;

Woodwark, D. R. Lanthanide and Actinide Chemistry and Spectroscopy;
Edelstein, N. M., Ed.; ACS Symp. Ser. 131; American Chemical Society:
Washington, DC, 1980; Chapter 15.
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Figure 5. Fluorescence spectrum of (H,PO3;CsH4CO,H) (ligand),
ThFQ(PO3C(,H4C02H), and UOz(PO3HC6H4C02H)2 . 2H7_O

for quenching are not well understood. For example,
Grohol and Clearfield reported significant variances in
the luminescent properties of two closely related uranyl
phosphonates, [UO,(HO;PC¢Hs),(H,0)],-8H,O and
UO,(HO3PCgHs),(H,0)-2H,0, whose structural differ-
ences are based largely on conformational differences in
the phosphonates.*

Tth(PO3C6H4C02H) and UOQ(PO3HC6H4C02H)2
2H,0 are very distinctive in their fluorescent properties,
as shown in Figure 5. One of the primary differences
between carboxyphenylphosphonate and previously stu-
died carboxyphosphonates is the presence of the aromatic
linker. We and others have shown that fluorescence can
be enhanced by having aromatic groups in close proxi-
mity to the uranyl cations.® The ligand itself fluoresces in
the same region that the uranyl cation absorbs (see
Supporting Information), and intense emission with vi-
bronic coupling is clearly observed from UO,(PO;HCq-
H4CO,H),-2H,0. Itis possible that the primary emission
from the ligand is completely absorbed by the uranyl
cation. In contrast, in ThF,(PO3;CsH4CO,H) the primary
emission from the ligand is quenched; however, the re-
emission is nonradiative. The quenching of the fluores-
cence in this compound is not via energy transfer or
paramagnetic quenching because thorium does not have
absorption bands in this region and is a 5f° system. A
second possibility is that the uranium center in UO»-
(POsHC¢H4CO,H),-2H,0 also quenches the emission

(26) Grohol, D.; Clearfield, A. J. Am. Chem. Soc. 1997, 119, 4662.
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from the ligand and that the emission from the uranyl unit
is not enhanced by energy transfer from the ligand.
Unfortunately, the ligand’s absorption coincides with
U—O charge-transfer bands at 300 nm (see Supporting
Information). Therefore, the ligand cannot be indepen-
dently excited by changing the excitation wavelength.

Conclusions

The purpose of this work was to compare and contrast the
structural chemistry and luminescent properties of thorium
and uranium compounds that both contain the carboxyphe-
nylphosphonate ligand. There are two important features
that differentiate the systems from each other. First, we have
shown that the higher effective charge'® and more isotropic
coordination environment of Th(IV) allow for interactions
with a carboxylic acid group (—COOH), which has not been
observed in uranyl carboxyphosphonates. However, upon
deprotonation, it regularly bonds to U(VI) in this family of
compounds. This allows one to utilize carboxylic acid groups
in the construction of extended frameworks that contain
thorium. Second, we have shown that both metal centers
dramatically affect the luminescence from the ligand. With
uranium there is overlap between the emission of the ligand
and the absorption by the uranyl cation, potentially leading
to energy transfer, which would enhance the fluorescence
observed from the uranyl units.® In the thorium compound,
the fluorescence from the ligand is quenched, and the primary
emission from the ligand is not observed. This latter observa-
tion would not have been predicted on the basis of the
absorption properties of thorium. In short, more than just
the structures of actinide carboxyphosphonates can be al-
tered by changing the spacer between the phosphonate
and carboxylate portions of the ligand. Furthermore, the
use of a rigid phenyl spacer allows for the synthesis of a
pillar compound more similar to those found with 1,4-
phenyldiphosphonate.'®
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