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CONS P EC TU S

T he ability of uranium to undergo nuclear fission has
been exploited primarily to manufacture nuclear

weapons and to generate nuclear power. Outside of its
nuclear physics, uranium also exhibits rich chemistry, and
it forms various compounds with other elements. Among
the uranium-bearing compounds, those with a uranium
oxidation state of þ6 are most common and a particular
structural unit, uranyl UO2

2þ is usually involved in these
hexavalent uranium compounds. Apart from forming
solids with inorganic ions, the uranyl unit also bonds to
organic molecules to generate uranyl�organic coordination
materials. If appropriate reaction conditions are employed, uranyl�organic extended structures (1-D chains, 2-D layers, and 3-D
frameworks) can be obtained. Research on uranyl�organic compounds with extended structures allows for the exploration of their rich
structural chemistry, and such studies also point to potential applications such as inmaterials that could facilitate nuclear waste disposal.

In this Account, we describe the structural features of uranyl�organic compounds and efforts to synthesize uranyl�organic
compounds with desired structures. We address strategies to construct 3-D uranyl�organic frameworks through rational selection
of organic ligands and the incorporation of heteroatoms. The UO2

2þ species with inactive UdO double bonds usually form
bipyramidal polyhedral structures with ligands coordinated at the equatorial positions, and these polyhedra act as primary
building units (PBUs) for the construction of uranyl�organic compounds. The geometry of the uranyl ions and the steric
arrangements and functionalities of organic ligands can be exploited in the the design of uranyl–organic extended structures,

We also focus on the investigation of the promising physicochemical properties of uranyl�organic compounds. Uranyl�
organic materials with an extended structure may exhibit attractive properties, such as photoluminescence, photocatalysis,
photocurrent, and photovoltaic responses. In particular, the intriguing, visible-light photocatalytic activities of uranyl�organic
compounds are potentially applicable in decomposition of organic pollutants and in water-splitting with the irradiation of solar
light. We ascribe the photochemical properties of uranyl�organic compounds to the electronic transitions within the UdO bonds,
which may be affected by the presence of organic ligands.

1. Introduction
Uranium is the heaviest naturally occurring element on the

earth, and it has been playing very important roles in the

progression of humankind. Themost impressive feature for

uranium is its fissionability which can be exploited to

manufacture nuclear weapons and to generate nuclear

power. Elemental uranium is easily oxidizable, and the

oxidation state of uranium in its oxidized form varies from

þ2 to þ6 depending on the compound it forms or on the

solution in which it is present. Nevertheless, themost stable

oxidation state for this element is þ6, and a corresponding

species, the uranyl unit UO2
2þ, features a large number of

uranium-bearing compounds. Uranyl may be bound to

inorganic ions to form various inorganic compounds,

whereas coordination linkage of organic molecules with

uranyl units leads to significant diversification in structure

and bonding for uranyl�organic solids. Among the uranyl�
organic compounds, those with an extended structure (1-D

chains, 2-D layers, or 3-D frameworks) have attractedmuch

attention because of their intriguing architectures and

potential optical, magnetic, fluorescent, and electronic

applications.1�3 The research on uranyl�organic
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compounds is also motivated by possible application for

nuclear waste treatment in nuclear industry.

As for construction of metal�organic frameworks (MOFs)

involving d-block and lanthanide metals,4�8 the design of

uranyl�organic extended structures can take advantage of

the geometry of uranyl ions and the sterics and functional-

ities of the organic ligands. Through varying organic ligands,

a variety of uranyl�organic extended structures with rich

structural features have been prepared via various synthetic

routes, including hydrothermal, solvothermal, sol�gel, and

room temperature crystallization ones. The uranyl-bearing

compounds composed of uranyl units and inorganic poly-

hedral anions,9�12 such as silicates, phosphates, germa-

nates, arsenates, and molybdates, may also occlude

organic molecules as charge-balancing and space-filling

species, but these compounds possess no metal�organic

linkages, and consequently they will not be detailed in this

account.

Similar to other transition metal ions, uranyl ions exhibit a

strong coordination affinity to oxygen, nitrogen, and fluorine

atoms, leading to uranyl bipyramids and even polynuclear

uranium structural building units. These structural building

units may be cross-linked by organic and/or inorganic com-

ponents into various uranyl�organic coordination structures.

Besides their amazing structural features, uranyl�organic

extended structures also exhibit interesting physicochemical

properties, such as photoluminescence, photocatalysis, and

photoelectric conversion. Thephotoluminescenceof uranyl�
organic extended structuresmainly arises from the excitation

and relaxation of the UdO double bonds and, in some cases,

from the interaction between the ligands and the uranium

centers via the “antenna effect”. Some uranyl�organic mate-

rials respond to visible light,1,3 and visible-light photocatalysis

of uranyl compounds has been observed.

In this Account, the rich structure chemistry and the

related physicochemical properties of uranyl�organic com-

pounds with an extended structure will be demonstrated,

and strategies toward the design and preparation of

uranyl�organic materials with a 3-D framework will be

discussed.

2. Structural Building Units
Uranium-containing inorganic�organic coordination com-

pounds with an extended structure are featured by involve-

ment of the linear uranyl ion, UO2
2þ. The uranyl cation

consists of a uranium center with a formal charge of þ6

and two oxygen atoms called uranyl or terminal oxygens.

The double bonds formed between the uranium and the

terminal oxygen atoms in UO2
2þ are kinetically inactive in

various chemical environments and reactions.

Isolated UO2
2þ cations exist in highly acidic aqueous

solutions. Nevertheless, in less acidic media, the number

and identity of uranyl species vary with the concentrations

of both the UO2
2þ (aq) and the OH� (aq) ions.13 Increasing

the pH value to over 3.0 and/or the UO2
2þ concentration to

over 10�4 M, the uranyl cations tend to hydrolyze and

polymerize, forming a number of polynuclear uranyl spe-

cies, such as U2O5
2þ and U3O8

2þ.13 A dinuclear model of

uranyl citrate was first proposed by Rajan and Martell in

1965.14 Lately, with extended X-ray absorption fine struc-

ture (EXAFS) technique, it was revealed that in a solutionwith

low pH values dinuclear species with uranium coordination

to both hydroxyl and carboxylate groups exist.15 Another

popular species, trinuclear (UO2)3(OH)5
þ complexes, may

lose a water molecule under crystallization conditions

to form an oxo-hydroxo-uranium polyhedral cation,

(UO2)3O(OH)3
þ. It is rational that, under highly acidic condi-

tions, the monomeric UO2
2þ cations directly take part in the

crystal growth, while in solutions with relatively high pH

values oligomeric uranyl species are formed and subse-

quently involved in the crystallization of uranyl�organic

compounds. This tendency has been observed by Cahill

and Rowland16 in the formation of uranyl squarates from

an aqueous solution under ambient conditions.

The uranyl species with coordination geometries such as

square, pentagonal, and hexagonal bipyramids can be

regarded as the primary building units (PBUs) of uranyl�
organic extended structures (Figure 1). Corner- and/or edge-

sharing the equatorial atoms of the monomeric uranyl units

results in oligomeric uranyl cations ranging from dimers to

hexamers thatmayact as secondary building units (SBUs) for

the construction of uranyl�organic extended structures.

A large number of uranyl�organic coordination com-

pounds, including clusters, 1-D chains, 2-D layers, and 3-D

frameworks have been constructed by monomeric uranyl

polyhedra. For instance, UO2(pdc)(H2O) (pdc = pyridine-2,6-

dicarboxylic acid), a chain structure of uranyl�organic co-

ordination polymer, is formedby linkageof uranyl unitswith

pdc molecules (Figure 2a�c).17 Nanochannels with a dia-

meter of about 6.4 Å are generated through the helical

arrangement of the uranyl ions and the pdc molecules,

and as a result the compound exhibits considerable adsorp-

tion capacity for water and methanol. Uranyl-based metal-

lamacrocycles with three and four pentagonal bipyramid

PBUs have been prepared through the binding of uranyl

with (2R,3R,4S,5S)-tetrahydrofurantetracarboxylic acid in
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N-ethylpiperidine or triethylamine, respectively (Figure 2d),18

providing an example of easy structure-tailoring in uranyl�
organic assemblies through involvement of appropriate base

molecules. Byusing1,2,3,4-butanetetracarboxylic acid (H4BTC)

and 1,2,3,4-cyclobutanetetracarboxylic acid (H4CBTC) as rigid

linkers, various 2-D layers and 3-D frameworks were built up

from monomeric uranyl building units.19 Furthermore, under

appropriate conditions, uranyl polyhedra may self-assemble

into closed clusters containing 20, 24, 28, 32, 36, 40, 44, 50,

and 60 uranyl polyhedra (designated Un by Burns and co-

workers) (Figure 2e).20�22 Some of these clusters have full-

erene topologieswith 12 pentagons aswell as hexagons. The

largest, U60, adopts the same topology as C60 with 12

isolated pentagons and 20 hexagons.

The dimeric uranyl units (Figure 3a,b), formed by the

edge- and corner-sharing of two uranyl monomers are

popular SBUs in uranyl�organic extended structures. For

example, after reaction with pyridine-2,6-dicarboxylic acid

in the presence of triethylamine, uranyl nitrate forms edge-

sharing dinuclear uranyl complexes.23 The dimeric species

can be assembled through organic chelating agents and/or

heteroatoms to form 1-D,17,24 2-D,25 or 3-D structures.17We

prepared a 1-D U�Zn�organic chain compound using

pyridine-2,6-dicarboxylic acid as ligand.17 This compound

contains μ2-OH corner-sharing dinuclear uranyl clusters in its

structure.

Crystallographic analyses show that many uranyl�
organic structures and minerals consist of trinuclear uranyl

cores. The first uranyl�organic complex with a trinuclear

core was crystallized with 1,3,5-triketonate ligands in the

presence of triethylamine by Lintvedt and co-workers in

1982.26 The uranium atoms in this trinuclear core are in

discrete triangular arrangement, with each of these uranium

atoms being bound to the other two through a μ3-oxygen

atom located at the center of the uranium triangle

(Figure 3c). When one of the μ2-oxygen atoms between

two uranium atoms is replaced by a bridging organic agent

or heteroatom moiety,27 this trinuclear core will deviate

from an ideal triangular shape (Figure 3d).

Four uranium atoms can be linked together by bridging μ3-

oxygenandμ2-oxygenatoms to form the tetrameric SBU,U4(μ3-

O)2(μ2-O)4 core (Figure 3e). The replacement of the equatorial

μ2-oxygen atoms by other ligands, such as acetic acid,may lead

tomany interestingvarieties in theconfigurationof this tetramer

(Figure3f�i). For example, a uranium�organic complexbuilt up

from tetrauranium clusters, namely, [Zn2(phen)4U4O10(OAc)2-

(NA)2�(QA)2] (phen =1,10-phenanthroline; HOAc = acetic acid;

HNA = nicotinic acid; H2QA = quinolinic acid) has been crystal-

lized previously.28 The substitution of two μ2-oxygen atoms by

two carboxylate ligands leads to the formation of the tetra-

nuclear U4(μ3-O)2(μ2-O)2 core (Figure 3f,g). If one or four

FIGURE 2. (a) 3-D structure showing 1-D channels, (b) a single channel
formed by each single-stranded helix along the c axis, and (c) the single-
stranded helix along the a axis for the compound UO2(pdc)(H2O);
(d) schematic reactionpathwaysandball-and-stick representationof the
metallamacrocycles [UO2L]3

6- (left) and [UO2L]4
8- (right); and (e) poly-

hedral representations of the uranyl peroxide components for the U36
(left), U44 (middle), and U60 (right) structures.

FIGURE 1. Coordination polyhedra in uranyl compounds: (a) square
bipyramid, (b) pentagonal bipyramid, and (c) hexagonal bipyramid
centered by uranium atom.
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μ2-oxygen atoms are replaced, new tetranuclear cores, U4(μ3-

O)2(μ2-O)3 and U4(μ3-O)2, will be obtained (Figure 3h, i), as

observed in (UO2)4(O)2(H2O)2(C7H10O4)2(C10H8N2) 3H2O and

(UO2)2(O)(C8H12O4)(C12H12N2),
29 respectively.

Several uranyl extended structures composed of hexa-

nuclear cores have been reported in the literature. In princi-

ple, these hexanuclear cores can be regarded as the

derivatives of the above-mentioned tetranuclear U4(μ2-O)4
and U4(μ3-O)2, and trinuclear U3(μ3-O)(μ2-O)3 cores. For ex-

ample, the edge-sharing of two U3(μ3-O)(μ2-O)3 cores leads

to the formation of a planar hexanuclear U6(μ3-O)4(μ2-O)4
core (Figure 3j), as observed in a 2-D uranyl-pyridinedicar-

boxylate compound.30 Alternatively, oxo-bonding of

two dangling uranium atoms to a nearly planar tetrameric

U4(μ3-O)2(μ2-O)4 core generates a new type of hexanuclear

core (Figure 3k).31

3. Construction of 3-D Uranyl�Organic
Frameworks
Three-dimensional frameworks usually exhibit many super-

ior properties such as porous adsorption, ion exchange, and

catalysis, and they are considered tobemore stable than1-D

or 2-D structures. Therefore, the construction of 3-D

uranium�organic frameworks is highly desirable. However, in

contrast with uranyl�organic compounds containing 1-D

chains,3,32 2-D layers,3 and even cagelike structures,21 the

formation of 3-D uranium�organic frameworks has proved

to be less successful. The main reason behind this phenom-

enon is the presence of the strong UdO bonds in the linear

UO2
2þ ions, and the coordination geometry of the uranyl ion

is considerably constrained by its linear shape.33 The acces-

sibility of the uranium center in the uranyl units is limited,

and the incoming ligands can only bond to the center at the

equatorial positions, forming a planar conformation with

terminal UdO bonds almost perpendicular to the equatorial

plane. As a result of lack of bonding from axial directions,

uranyl�organic coordination compounds usually prefer chain/

sheet arrangements to 3-D structures, especially when planar

aromatic ligands are employed.3,30

The cross-linking ability of the metal centers and the

ligands is of great importance for the design and synthesis

of 3-D uranyl�organic compounds. Two strategies based on

the rational selection of structure building components are

usually used to construct three-dimensional uranyl�organic

framework compounds. One is to employ organic molecules

with multidentate coordination points and flexible back-

bones, such as aliphatic and alicyclic dicarboxylic acids as

the ligands,34,35 and the other is to introduceextrametal ions

with high cross-linking ability to the reaction systems.1,36�40

These extra metal ions can provide additional connecting

nodes for the construction of the 3-D frameworks.
3.1. Impact of Ligand Geometry. As demonstrated pre-

viously, the geometries of organic ligands, usually carboxylic

acids, exert a significant impact on the overall structures of

metal�organic framework materials.7 For the construction

of 3-D uranyl�organic structures, it is essential that the

chelating carboxylate groups in carboxylic acids are not

within the same coordination plane. Taking carboxylate

groups in aliphatic and alicyclic dicarboxylic acids, for ex-

ample, there are three uranyl�carboxylate coordination

geometries, that is, bidentate, bridging bidentate, and brid-

ging tridentate.25 Given the flexible carbon backbones, the

aliphatic chain can rotate out of the equatorial plane of the

UO2
2þ centers. Thus, in bridging bidentate and bridging

tridentate connectivity modes, the aliphatic acids can as-

semble the uranyl building units into 3-D frameworks. For

instance, employingadipic acidmolecules as organic linkers,

a 3-D uranyl�organic framework UO2(C6H8O4) is built from

(UO2)O4(H2O)2 dinuclear SBUs.34 In this framework, the

adipic acidmolecules take two different geometries, namely

“flat” and “kinked”. The dinuclear uranyl building units are

connected by the flat adipic acid molecules into a layer,

further into a framework by the kinked acid molecules

(Figure 4). The ability of the adipic acid backbone to rotate

FIGURE 3. SBUs built up by corner- and edge-sharing the equatorial
oxygen atoms of the uranyl units. (a,b) dimers, (c,d) trimers, (e�i)
tetramers, and (j,k) hexamers.
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about the single C�C bonds likely contributes to the con-

struction of the 3-D framework. For the easy rotation of the

backbones, a sufficient chain length is required in the build-

ing of 3-D frameworks. Actually, no 3-D uranyl�organic

frameworks have been obtained, thus far, from dicarbox-

ylate chains shorter than four carbons.24

For arylcarboxylic acids, strong steric hindrance and thus

additional connectivity is critical for the generation of 3D

uranyl�organic coordination architectures. Here we take

1,2,3-benzenetricarboxylate (v-BTC) and 1,2,4-benzenetri-

carboxylate (m-BTC) for example. Because of steric hin-

drance, at least one of the adjacent carboxylate groups in

the v-BTC and m-BTC ligands is forced out of the ring plane

and adopts a vertical conformation to avoid short contact of

the O donors (Figure 4). The vertically oriented carboxylate

groups increase the connectivity of the coordination struc-

tures fromplanar to three-dimensional. Recently, employing

v-BTC and m-BTC as organic ligands, three 3-D uranyl�
organic coordination frameworks (UO2)3(v-BTC)2(H2O)4,

(UO2)6O(OH)(m-BTC)2(m-HBTC)2(H2O)2(H3O) 36H2O, and

(UO2)2O(m-BTC)[NH2(CH3)2]2 3H2O have been successfully

prepared in our group,41 demonstrating the importance of

strong steric hindrance in arylcarboxylic acids for the forma-

tion of 3-D uranyl�organic structures. In contrast, 1,4-

naphthalenedicarboxylate and1,3,5-benzenetricarboxylate

ligands, which prefer a planar conformation due to well

separated carboxylate groups along the aromatic rings, tend

to form 1-D or 2-D structures rather than 3-D coordination

architectures (Figure 4).3 Therefore, for successful construc-

tion of 3-D uranyl�organic coordination compounds, the

rational selection of appropriate ligands is one of the key

challenges.

3.2. Incorporation of Heterometal Ions. Besides the

selection of proper ligands, an alternative approach to

build up 3-D uranyl�organic frameworks is incorporation

of heterometal ions with strong cross-linking ability to

the reaction systems. Various metal ions, including

alkali,35,42,43 alkaline-earth,33 d-block metal ions,1,36�39

and even 4f lanthanides,40 have been used together with

uranyl species to construct uranyl-heterometal�organic

structures with a 3-D framework.

We successfully prepared a novel 3-D framework uranyl-

zinc compound, (ZnO)2(UO2)3(NA)4(OAc)2 (HNA = nicotinic

acid; HOAc = acetic acid), built-up by the assembly of

[(UO2)3(O)2(CH3CO2)2]n chains via Zn2þ cations and nicoti-

nate ligands (Figure 5a).36 The infinite straight [(UO2)3(O)2-

(CH3CO2)2]n chains, formed by the connection of trinuclear

uranyl units through bridging μ3-O atoms, are corner-linked

by octahedral Zn2þ cations via the terminal uranyl oxygen

atoms, leading to the topology of a robust inorganic

U�O�Zn double sheet. These double sheets are further

interconnected via Zn2þ cations and tridentate nicotinate

ligands to form a three-dimensional sandwich uranium�
zinc�organic polymeric network. By using Zn2þ cations as

additional connecting nodes, Lii and co-workers37 prepared

a mixed-metal uranyl�organic aquofluoride, [(UO2)2F8-

(H2O)2Zn2(4,40-bpy)2] 3 (4,4
0-bpy), with a 3-D framework un-

der hydrothermal conditions. By introducing Ni2þ cations

into the reaction system containing quinolinic and acetic

acids, a 3-D uranium�nickel�organic compound, namely,

[Ni2(H2O)2(QA)2(bipy)2U5O14(H2O)2(OAc)2] 32H2O(HOAc =

acetic acid; bipy = 4,40-bipyridine; H2QA = quinolinic acid),

was also prepared.38 This 3-D framework is constructed

from the polyoxouranium ribbons and Ni metal�organic

layers through sharing QA ligands, with the polyoxoura-

nium ribbons being composed of edge-sharing centro-

symmetric pentanuclear U5O cores (Figure 5b). In this

uranium�nickel�organic compound, there exist two

crystallographically different Ni atoms which are bridged

by the QA ligands to form an infinite 1-D chain along the a

axis. It is this chain that links the polyoxouranium ribbons

into a 3-D framework via QA ligands. Other d-block metal

ions are also efficient in the generation of 3-D uranyl-

containing frameworks.

Alkali and alkaline-earth cations with high coordination

numbers (for example, 6 for Naþ, 9 for Kþ, 10 for Rbþ, and 8

for Ba2þ) are also proved to be suitable additional connect-

ing nodes for the construction of 3-D uranyl�organic

structures.42 In addition to the high coordination numbers,

alkali cations are apt to coordinate to the terminal oxygen

FIGURE 4. Effect of ligand conformation on formation of uranyl�
organic structures.
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atoms of the UO2
2þ moieties.35,43 In the structure of

[(UO2)2(C2O4)2(OH)Na(H2O)2], sheets formed by corner-

sharing dimeric uranyl structural building units via bis-

bidentateoxalateandbridginghydroxidegroupsareassembled

into a 3-D framework through further bondings of Naþ cations

with the terminal oxygen groups of uranyl dimers.35

The two strategies, that is, ligand design and heteroatom

incorporation, just provide the possibility for construction of

3-D uranyl�organic coordination compounds. The realiza-

tion of this possibility also relies on the reaction conditions,

such as the acidity of the reaction system, the concentration

of uranyl ions, and reaction temperature. In addition to these

two strategies, employment of suitable anions, which is

frequently used in the construction of microporousmaterials,

is alsowidelyapplied to thepreparationofuranyl-bearing3-D

structures. A variety of 3-D uranyl�anionic frameworks, such

as silicates, phosphates, germanates, arsenates, and molyb-

dates, have been prepared.9�12 However, in most of these

compounds, either no organic molecules are involved or the

involved molecules, such as organic amines, are not directly

linked with the uranyl units; they just act as counterions or

space fillers in the structures of the formed compounds.

4. Physicochemical Properties
Besides the rich structural features, uranyl�organic ex-

tended structures also exhibit attractive physicochemical

properties, such as photoluminescence, photocatalysis,

and photoelectronics. It has been extensively demonstrated

in the literature that photoluminescence is characteristic for

compounds involving uranyl units, either in solutions or in

solid state. PhotoexcitationofUO2
2þ leads to *UO2

2þ. On the

one hand, this excited uranyl speciesmay relax to its ground

state through emitting visible lights, and on the other it is

also a very reactive species with high oxidation potential of

approximately 2.6 eV.44 Therefore, a uranyl compoundmay

exhibit both photoluminescent and photocatalytic proper-

ties simultaneously. As reported previously, uranyl-contain-

ing aqueous solutions are photocatalytically active and they

can lead to degradation of organic molecules efficiently

under UV irradiation.45 We found that uranyl-containing

compounds with an extended structure in their solid state

show remarkable photocatalytic performances as well.

Water-insoluble photocatalytic solids can be easily sepa-

rated from the reaction system, rendering the recycling and

reuse of photocatalysts feasible. Besides photoluminescent

and photocatalytic properties, photoelectric conversion be-

havior has also been discovered for uranyl-containing

compounds.

4.1. Photoluminescence.Generally, the emission spectra

of uranyl�organic extended structures show five peaks in

the range of 450�600 nm, characteristic for UO2
2þ

units.2,39,41 These emission peaks are attributed to the

transitions from the first excited electronic level to the

symmetric and antisymmetric vibration levels of the uranyl

ion. Recently, a solid uranyl�BETC compound, (UO2)2-

(phen)2(BTEC) (H4BTEC = 1,2,4,5-benzenetetracarboxylic

acid, phen = 1,10-phenanthroline), has been prepared

hydrothermally.2 The solid-state emission spectrum of this

compound under excitation at 341 nm shows three main

emission peaks at 491, 511, and 534 nm and two weak

peaks at 478 and 560 nm.Whenmonitoring the emission at

511 nm, the excitation spectrum presents a broad peak at

341 nm and several fine peaks ranging from 300 to

500 nm. Depending on compositions and structures of the

uranyl�organic compounds, sometimes the fine feature of

the emission peaks does not appear clearly,30,36 and

only a broad emission band in the 450�600 nm range is

observed.

FIGURE 5. 3-D frameworks of (a) (ZnO)2(UO2)3(NA)4(OAc)2 and (b) [Ni2(H2O)2(QA)2(bipy)2U5O14(H2O)2(OAc)2] 32H2O viewed along the [100] direction
(U, yellow; Zn, light blue; and Ni, green).
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In some cases, the ligands on their own exhibit photo-

luminescence, especially when aromatic rings are involved

in the ligands. In uranyl�organic compounds with photo-

luminescent ligands, if no emissions characteristic of free

ligands are observed upon excitation at the ligand excitation

wavelengths, it is possible that an efficient energy transfer

from the ligand to the central metal atoms occurs. For

example, after excitation of the BPM ligand in [UO2-

(NO3)2(bpm)] (bpm = 2,20-bipyrimidine),46 no emission from

BPM appears, indicative of energy transfer from BPM to the

central UO2
2þ ion in the photoluminescent process. Energy

transfer has also been observed for the hydrothermally pre-

pared [(UO2)3O(OH)2(3,4-pydaH)(3,4-pyda)0.5]n and [(UO2)3-

O(OH)2(2,4-pyda)(H2O)2]n 3 nH2O (3,4-pydaH2 = 3,4-pyridine-

dicarboxylic acid, 2,4-pydaH2 = 2,4-pyridinedicarboxylic

acid),30 given the fact that the excitation peaks for the two

uranyl-containing structures resemble those of the free 3,4-

pydaH2 and 2,4-pydaH2 ligands. It has been demonstrated

that when the uranyl ion is excited directly, the emission

intensity for the uranyl�organic materials is on the same

order of magnitude as that of the spectrum resulting from

direct ligand excitation,39 indicating that there is little energy

loss from radiationless decay.

4.2. Photocatalytic Performance. Since early 1800s, the

photochemistry, especially the photocatalytic behavior, of

uranyl compounds has attracted considerable attention.45

As revealed by UV/vis spectroscopy, uranyl�organic ex-

tended structures respond to both UV and visible light. The

absorptions in the UV and the visible regions are ascribed to

the charge-transfer transitions within the uranyl group.47,48

Two photodegradation mechanisms, namely, hydrogen

abstraction and electron transfer, are generally accepted

for the photocatalytic reactions involving uranyl species.45

Upon photoexcitation, electronsmay be promoted from the

HOMO, the occupied 2p orbitals of oxygen, to the LUMO, the

empty uranium orbitals, generating excited *UO2
2þ species

(Scheme 1). The excited electron in the LUMO is not stable,

and itmay return to theHOMO instantly. However, if organic

molecules (such as rhodamine B (RhB)) with an appropriate

orientation are within a reasonable range, electrons from

these molecules may be abstracted by the *UO2
2þ species,

resulting in intermediates and protons. As the HOMO is

occupied by the electrons from the guest molecules, the

excited electrons in the uranyl unit would remain in the

LUMO until they are captured by electronegative sub-

stances, such as O2 in the solution, generating highly active

peroxide anions. The peroxide anions further oxidize and

decompose the organic intermediates in the solution, lead-

ing to complete degradation of the organic substances

(Scheme 1).

The photocatalytic activities of uranyl�organic extended

structures under UV and visible irradiation have been de-

monstrated previously. Through the assembly of silver

and the uranium with mixed ligands, 2,20-bipyridyl
(bipy) and 1,4-benzenedicarboxylate (bdc), we prepared a

metal�organic extended structure [Ag(bipy)(UO2)(bdc)1.5]

with a 2-D network under hydrothermal conditions.1 This

water-insoluble material exhibits superior UV- and visible-

light photocatalytic activities. RhB in solution was used as

a target pollutant to demonstrate the photodegradation

activity of this Ag�U-organic assembly. Control experiments

indicate that the RhB degradation timeunder UV irradiation is

markedly shortened (Figure 6) in the presence of the assem-

bly compound in comparison with in the presence of

commercial TiO2 (Degussa P25). More importantly, this

Ag�U�organic material also exhibits excellent visible-light

photodegradation activity for RhB degradation. It is found

that the accessibility of dye molecules to the active excited

SCHEME 1a

a(a) Photoexcitation of UO2
2þ species in uranyl�organic extended structures

and (b) proposed photodegradation mechanism of RhB in the presence of
uranyl�organic extended structures.
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U center of the uranyl-containing compounds affects the

photocatalytic activity as well. We obtained another

Ag�U�organic compound [Ag2(phen)2UO2(btec)] in the pre-

sence of 1,10-phenanthroline (phen) and 1,2,4,5-benzene-

tetracarboxylate (btec).1 From the structure viewpoint, the

less spacious interlayer region and fully coordinated U

centers in this compound are unfavorable for the access of

the dye molecules. As expected, [Ag2(phen)2UO2(btec)] is

less efficient than the [Ag(bipy)(UO2)(bdc)1.5] material in

degradation of RbB under both UV- and visible-light irradia-

tions. The dependence of photocatalytic activity on structural

feature has been further demonstrated by other uranyl-

containing compounds, such as [(ZnO)2(UO2)3(NA)4(OAc)2]

(HNA = nicotinic acid)36 and [Ni2(H2O)2(qa)2(bipy)2U5-

O14(H2O)2(OAc)2] 32H2O (HOAc = acetic acid, bipy = 4,40-
bipyridine, H2qa = quinolinic acid).38

Agþ is sensitive to light, and it is possible for the Agþ ions

in Agþ-bearing compounds to contribute to photocatalytic

activities directly. Recently, in the presence of 1,4-naphtha-

lenedicarboxylate (NDC) and bipyridine (bipy), two 2-D

uranyl�organic extended structures, (UO2)3O[Ag(2,20-bipy)2]2-
(NDC)3 and (UO2)8(NDC)12(4,40-bipyH2)3(4,40-bipyH)3, with

and without Agþ have been prepared.3 We found that these

two compounds show comparable photocatalytic activities

under bothUV- and visible-light irradiations. Given the similar

uranium content and accessibility, it is concluded that the

uranyl units in these two compounds are the active centers

responsible for the photocatalytic properties, whereas the

Agþ species are of less importance.

As pointed out, molecular O2 dissolved in solutions takes

part in the photodegradation processes of dyemolecules. By

controlling the oxygen concentration in the bubbling gas, it

is possible to elucidate the relationship between photocata-

lytic reaction and oxygen concentration. We found that the

photocatalytic degradation rate is very sensitive to O2 at

low oxygen contents but it appears to be saturated upon

increasing the oxygen content to a certain value.3 This

observation is consistent with the photodecomposition

mechanism of RhB. When the concentration of O2 in the

solution is low, the photoexcited uranyl species associated

with abstracted RhB molecules capture the O2 molecules

which are then transformed into excited oxygen species

instantly. As a result, a sharp increase in photodegradation

rate with the O2 concentration is expectable. With further

increase in O2 concentration, the amount of RhB-associated

photoexcited uranyl centers is not sufficient to excite all of

the O2 molecules and thus no further increase in the photo-

degradation rate with O2 concentration is observed.

4.3. Photoelectric Conversion. As a convenient and

inexpensive characterization method, surface photovoltage

technique has been widely used to study the optoelectronic

properties of semiconductors and materials with semicon-

ducting properties. Through recording the surface photovol-

tage spectra (SPS) and field-induced surface photovoltage

spectra (FISPS), we investigated the photoelectric conversion

behaviors of uranyl�organic extended structures.28,36,41

Under illumination without external electric field, the SPS

signal for (ZnO)2(UO2)3(NA)4(OAc)2 (HNA = nicotinic acid;

HOAc = acetic acid), a 3-D framework,36 shows two main

response bands at approximately 350 and 463 nm

(Figure 7a), in accordance with its diffuse reflectance UV�vis

spectrum. Photoexcitation of the ITO�(ZnO)2(UO2)3(NA)4-

(OAc)2 electrode in a 0.1 mol/L Na2SO4 solution generates

an anodic photocurrent. Shuttering and unshuttering the

light source leads to the variation in linear voltammograms

(Figure 7b). Usually, photocurrent in an n-type semiconduc-

tor increases with anodic potential. Thus, (ZnO)2(UO2)3-

(NA)4(OAc)2 may be regarded as a two-dimensional n-type

semiconductor with its valence band consisting of the occu-

pied O orbitals, whereas its conduction band consists of the

empty metal orbitals. The low photocurrent density in

FIGURE 7. (a) SPS of (ZnO)2(UO2)3(NA)4(OAc)2 and (b) transient photo-
current response of ITO�(ZnO)2(UO2)3(NA)4(OAc)2 at various voltages
(vs SCE).

FIGURE 6. Concentration variation of RhB in the presence of
[Ag(bipy)(UO2)(bdc)1.5] under irradiation of (a) UV light and (b) visible
light.
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combination with a low electrical conductivity (<10�5 S

cm�1) for (ZnO)2(UO2)3(NA)4(OAc)2 suggests that this coordi-

nation polymer compound contains controlled carrier

density.49 This finding may help to explore new types of

semiconducting materials, especially among coordination

polymer compounds containing actinides.

The SPS and FISPS spectra for (UO2)2O(m-BTC)[NH2-

(CH3)2]2 3H2O, a 3-D uranyl�organic framework, show only

a single peak in the 200�600 nm wavelength range.41 The

absence of Zn2þ or other transition-metal ions in the com-

pound clearly demonstrates that the uranyl species alone

account for the photovoltaic response. Upon application of a

positive field, the photovoltage is significantly enhanced

with increasing biases, whereas if a negative field is applied,

the response completely disappears. From the structure

viewpoint, long-rangeoverlap between theuraniumorbitals

and the delocalized π-orbitals of neighboring ligand mole-

cules is possible in the 3-D framework of (UO2)2O(m-BTC)-

[NH2(CH3)2]2 3H2O, and this overlap may facilitate the

transfer of charge carriers along the framework and conse-

quently enhance the photovoltaic response.

5. Concluding Remarks and Outlook
Uranyl�organic compounds constructed by the combina-

tion of uranyl ions with organic ligands have aroused great

interest not only in the academic but also in the industrial

sectors. In this Account, we have highlighted the recent

efforts of our own group and others toward understanding

the structural features, rational synthesis, and physicochem-

ical properties of uranyl�organic materials with an ex-

tended structure. All the uranyl�organic structures are

featured by the linear UO2
2þ unit, which can be equatorially

coordinated only. Theuranyl polyhedra and their oligomeric

counterparts are the structural building units for the crystal

structures of uranyl�organic compounds. The concentra-

tion of UO2
2þ and the acidity of the reaction system exert

considerable impact on the oligomerization of uranyl ions

and thus the uranyl�organic structures. Under highly acidic

conditions, the monomeric UO2
2þ cations directly take part

in the crystal growth of uranyl�organic compounds,

whereas in solutions with a relatively high pH value,

oligomeric uranyl species are formed and subsequently

get involved in the crystallization of the corresponding

compounds.

Because of the geometry constraint of uranyl ions,

uranyl�organic coordination compounds usually prefer chain/

sheet arrangements to 3-D structures. To obtain 3-D

framework uranyl�organic compounds, the cross-linking

ability of both the metal centers and the organic ligands

should be increased. The strategies include employment of

organic ligands with multidentate points and flexible back-

bones or strong steric hindrance and incorporation of het-

eroatoms in construction of uranyl�organic compounds. It is

worth noting that there are a number of other factors that

affect the realization of these two strategies.

Due to the electronic transitions within the UdO bonds

and charge transfer from a ligand to an empty 5f orbital on

the U atom upon excitation, uranyl�organic compounds

exhibit attractive photoluminescent, photocatalytic, and

photoelectrical properties. Under UV- and visible-light irra-

diation, uranyl�organic materials with an extended struc-

ture may degrade organic pollutants efficiently, and the

photocatalytic activity is attributed to the presence of uranyl

centers in thesematerials. It is believed that, with the further

understanding of the nature of uranyl�organic extended

structures, more physicochemical properties for uranyl�
organic compounds will be revealed.

BIOGRAPHICAL INFORMATION

Kai-XueWang obtained his Ph.D. degree in inorganic chemistry
from Jilin University in 2002 and first worked as a postdoctoral
researcher at University College Cork, Ireland and then as a JSPS
research fellow at National Institute of Advanced Industrial Science
and Technology, Japan, during 2003�2009. Since 2009, he has
been a professor in the School of Chemistry and Chemical En-
gineering, Shanghai Jiao Tong University. His research focuses on
the design and preparation of functional materials.

Jie-Sheng Chen obtained his Ph.D. degree from Jilin University
in 1989 and worked as a postdoctoral fellow in the Royal Institu-
tion of Great Britain, the United Kingdom from 1990 to 1994, and
as a professor in the Department of Chemistry, Jilin University from
1994 to2008. Since 2008, he has been a professor in the School of
Chemistry and Chemical Engineering, Shanghai Jiao Tong Univer-
sity. His research interest is the synthesis of solid compounds and
composite materials with new structures and functions.

Financial support from the National Natural Science Foundation
of China, the National Basic Research Program of China, and
Shanghai Pujiang Program is gratefully acknowledged.

FOOTNOTES

*To whom correspondence should be addressed. E-mail: chemcj@sjtu.edu.cn.

REFERENCES
1 Yu, Z. T.; Liao, Z. L.; Jiang, Y. S.; Li, G. H.; Chen, J. S. Water-Insoluble Ag-U-Organic

Assemblies with Photocatalytic Activity. Chem.;Eur. J. 2005, 11, 2642–2650.
2 Jiang, Y. S.; Yu, Z. T.; Liao, Z. L.; Li, G. H.; Chen, J. S. Syntheses and Photoluminescent

Properties of two Uranyl-Containing Compounds with Extended Structures. Polyhedron
2006, 25, 1359–1366.



540 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 531–540 ’ 2011 ’ Vol. 44, No. 7

Properties of Uranyl-Organic Compounds Wang and Chen

3 Liao, Z. L.; Li, G. D.; Bi, M. H.; Chen, J. S. Preparation, Structures, and Photocatalytic
Properties of Three New Uranyl-Organic Assembly Compounds. Inorg. Chem. 2008, 47,
4844–4853.

4 Eddaoudi, M.; Moler, D. B.; Li, H. L.; Chen, B. L.; Reineke, T. M.; O'Keeffe, M.; Yaghi, O. M.
Modular Chemistry: Secondary Building Units as a Basis for the Design of Highly Porous and
Robust Metal-Organic Carboxylate Frameworks. Acc. Chem. Res. 2001, 34, 319–330.

5 Kitagawa, S.; Kitaura, R.; Noro, S. Functional Porous Coordination Polymers. Angew.
Chem., Int. Ed. 2004, 43, 2334–2375.

6 Chen, X. M.; Tong, M. L. Solvothermal in situ Metal/Ligand Reactions: a New Bridge
between Coordination Chemistry and Organic Synthetic Chemistry. Acc. Chem. Res. 2007,
40, 162–170.

7 Yang, J.; Li, G. D.; Cao, J. J.; Yue, Q.; Li, G. H.; Chen, J. S. Structural Variation from 1D to
3D: Effects of Ligands and Solvents on the Construction of Lead(II)-Organic Coordination
Polymers. Chem.;Eur. J. 2007, 13, 3248–3261.

8 Yang, J.; Yue, Q.; Li, G. D.; Cao, J. J.; Li, G. H.; Chen, J. S. Structures, Photoluminescence,
Up-Conversion, and Magnetism of 2D and 3D Rare-earth Coordination Polymers with
Multicarboxylate Linkages. Inorg. Chem. 2006, 45, 2857–2865.

9 Burns, P. C. U6þ Minerals and Inorganic Compounds: Insights into an Expanded Structural
Hierarchy of Crystal Structures. Can. Mineral. 2005, 43, 1839–1894.

10 Lee, C. S.; Wang, S. L.; Chen, Y. H.; Lii, K. H. Flux Synthesis of Salt-Inclusion Uranyl
Silicates: K3Cs4F(UO2)3(Si2O7)2 and NaRb6F(UO2)3(Si2O7)2. Inorg. Chem. 2009, 48,
8357–8361.

11 Chen, C. S.; Lee, S. F.; Lii, K. H. K(UO)Si2O6: A Pentavalent-Uranium Silicate. J. Am. Chem.
Soc. 2005, 127, 12208–12209.

12 Lin, C. H.; Lii, K. H. A3(U2O4)(Ge2O7) (A = Rb, Cs): Mixed-Valence Uranium(V,VI)
Germanates. Angew. Chem., Int. Ed. 2008, 47, 8711–8713.

13 Clark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.; Morris, D. E.; Palmer, P. D.;
Rogers, R. D.; Tait, C. D. Chemical Speciation of the Uranyl Ion under Highly Alkaline
Conditions. Synthesis, Structures, and Oxo Ligand Exchange Dynamics. Inorg. Chem.
1999, 38, 1456–1466.

14 Rajan, K. S.; Martell, A. E. Equilibrium Studies of Uranyl Complexes. III. Interaction of Uranyl
Ion with Citric Acid. Inorg. Chem. 1965, 4, 462–469.

15 Bailey, E. H.; Mosselmans, J. F. W.; Schofield, P. F. Uranyl-Citrate Speciation in Acidic
Aqueous Solutions - an XAS Study between 25 and 200 �C. Chem. Geol. 2005,
216, 1–16.

16 Rowland, C. E.; Cahill, C. L. Capturing Hydrolysis Products in the Solid State: Effects of pH on
Uranyl Squarates under Ambient Conditions. Inorg. Chem. 2010, 49, 8668–8673.

17 Jiang, Y. S.; Li, G. H.; Tian, Y.; Liao, Z. L.; Chen, J. S. Uranyl Pyridine-Dicarboxylate
Compounds with Clustered Water Molecules. Inorg. Chem. Commun. 2006, 9, 595–598.

18 Thu�ery, P.; Villiers, C.; Jaud, J.; Ephritikhine, M.; Masci, B. Uranyl-based Metallamacro-
cycles: Tri- and Tetranuclear Complexes with (2R,3R,4S,5S)-Tetrahydrofurantetracar-
boxylic Acid. J. Am. Chem. Soc. 2004, 126, 6838–6839.

19 Thu�ery, P.; Masci, B. Uranyl-organic Frameworks with 1,2,3,4-Butanetetracarboxylate
and 1,2,3,4-Cyclobutanetetracarboxylate Ligands. Cryst. Growth Des. 2008, 8, 3430–
3436.

20 Sigmon, G. E.; Unruh, D. K.; Ling, J.; Weaver, B.; Ward, M.; Pressprich, L.; Simonetti, A.;
Burns, P. C. Symmetry versus Minimal Pentagonal Adjacencies in Uranium-Based
Polyoxometalate Fullerene Topologies. Angew. Chem., Int. Ed. 2009, 48, 2737–2740.

21 Forbes, T. Z.; McAlpin, J. G.; Murphy, R.; Burns, P. C. Metal-Oxygen Isopolyhedra
Assembled into Fullerene Topologies. Angew. Chem., Int. Ed. 2008, 47, 2824–2827.

22 Burns, P. C.; Kubatko, K. A.; Sigmon, G.; Fryer, B. J.; Gagnon, J. E.; Antonio, M. R.;
Soderholm, L. Actinyl Peroxide Nanospheres. Angew. Chem., Int. Ed. 2005, 44,
2135–2139.

23 Masci, B.; Thu�ery, P. Uranyl Complexes with the Pyridine-2,6-Dicarboxylato Ligand: New
Dinuclear Species with μ-η2, η2-Peroxide, μ2-Hydroxide or μ2-Methoxide Bridges.
Polyhedron 2005, 24, 229–237.

24 Kim, J. Y.; Norquist, A. J.; O'Hare, D. Incorporation of Uranium(VI) into Metal-Organic
Framework Solids, [UO2(C4H4O4)] 3 H2O, [UO2F(C5H6O4)] 3 2H2O, and
[(UO2)1.5(C8H4O4)2]2[(CH3)2NCOH2] 3 H2O. Dalton Trans. 2003, 2813–2814.

25 Borkowski, L. A.; Cahill, C. L. Crystal Engineering with the Uranyl Cation I. Aliphatic
Carboxylate Coordination Polymers: Synthesis, Crystal Structures, and Fluorescent
Properties. Cryst. Growth Des. 2006, 6, 2241–2247.

26 Lintvedt, R. L.; Heeg, M. J.; Ahmad, N.; Glick, M. D. Uranyl Complexes of b-Polyketonates.
Crystal and Molecular Structure of a Mononuclear Uranyl 1,3,5-Triketonate and a Novel

Trinuclear Uranyl 1,3,5-Triketonate with a Trigonal-Planar Bridging Oxide. Inorg. Chem.
1982, 21, 2350–2356.

27 Szabo, Z.; Furo, I.; Csoregh, I. Combinatorial Multinuclear NMR and X-Ray Diffraction
Studies of Uranium(VI)-Nucleotide Complexes. J. Am. Chem. Soc. 2005, 127,
15236–15247.

28 Yu, Z. T.; Li, G. H.; Jiang, Y. S.; Xu, J. J.; Chen, J. S. A Uranium-zinc-organic Molecular
Compound Containing Planar Tetranuclear Uranyl Units. Dalton Trans. 2003, 4219–4220.

29 Borkowski, L. A.; Cahill, C. L. Crystal Engineering with the Uranyl Cation II. Mixed Aliphatic
Carboxylate/Aromatic Pyridyl Coordination Polymers: Synthesis, Crystal Structures, and
Sensitized Luminescence. Cryst. Growth Des. 2006, 6, 2248–2259.

30 Zheng, Y. Z.; Tong, M. L.; Chen, X. M. Synthesis, Structure and Photoluminescent Studies
of Two Novel Layered Uranium Coordination Polymers Constructed from UO(OH) Polyhedra
and Pyridinedicarboxylates. Eur. J. Inorg. Chem. 2005, 4109–4117.

31 Thu�ery, P.; Nierlich, M.; Souley, B.; Asfari, Z.; Vicens, J. Complexation of a Hexameric
Uranium(VI) Cluster by p-Benzylcalix[7]arene. J. Chem. Soc., Dalton Trans. 1999,
2589–2594.

32 Xia, Y.; Wang, K. X.; Chen, J. S. Synthesis, Structure Characterization and Photocatalytic
Properties of Two New Uranyl Naphthalene-Dicarboxylate Coordination Polymer
Compounds. Inorg. Chem. Commun. 2010, 13, 1542–1547.

33 Thu�ery, P. A Nanosized Uranyl Camphorate Cage and Its Use as a Building Unit in a
Metal-Organic Framework. Cryst. Growth Des. 2009, 9, 4592–4594.

34 Borkowski, L. A.; Cahill, C. L. Topological Evolution in Uranyl Dicarboxylates: Synthesis and
Structures of One-dimensional UO2(C6H8O4)(H2O)2 and Three-dimensional UO2(C6H8O4).
Inorg. Chem. 2003, 42, 7041–7045.

35 Thu�ery, P. Reaction of Uranyl Nitrate with Carboxylic Diacids under Hydrothermal
Conditions. Crystal Structure of Complexes with L(þ)-Tartaric and Oxalic Acids. Polyhedron
2007, 26, 101–106.

36 Chen, W.; Yuan, H. M.; Wang, J. Y.; Liu, Z. Y.; Xu, J. J.; Yang, M.; Chen, J. S. Synthesis,
Structure, and Photoelectronic Effects of a Uranium-zinc-organic Coordination Polymer
Containing Infinite Metal Oxide Sheets. J. Am. Chem. Soc. 2003, 125, 9266–9267.

37 Wang, C. M.; Liao, C. H.; Kao, H. M.; Lii, K. H. Hydrothermal Synthesis and Characterization
of (UO2)2F8(H2O)2Zn2(4,40-bpy)2 3 (4,4

0-bpy), a Mixed-Metal Uranyl Aquofluoride with a
Pillared Layer Structure. Inorg. Chem. 2005, 44, 6294–6298.

38 Yu, Z. T.; Liao, Z. L.; Jiang, Y. S.; Li, G. H.; Li, G. D.; Chen, J. S. Construction of a
Microporous Inorganic-Organic Hybrid Compound with Uranyl Units. Chem. Commun.
2004, 1814–1815.

39 Frisch, M.; Cahill, C. L. Synthesis, Structure and Fluorescent Studies of Novel Uranium Co-
ordination Polymers in the Pyridinedicarboxylic Acid System. Dalton Trans. 2006, 4679–4690.

40 Cahill, C. L.; de Lill, D. T.; Frisch, M. Homo- and Heterometallic Coordination Polymers from
the f Elements. CrystEngComm 2007, 9, 15–26.

41 Liao, Z. L.; Li, G. D.; Wei, X.; Yu, Y.; Chen, J. S. Construction of Three-dimensional Uranyl-
organic Frameworks with Benzenetricarboxylate Ligands. Eur. J. Inorg. Chem. 2010,
3780–3788.

42 Masci, B.; Thu�ery, P. Pyrazinetetracarboxylic Acid as anAssembler Ligand in Uranyl-organic
Frameworks. Cryst. Growth Des. 2008, 8, 1689–1696.

43 Masci, B.; Thu�ery, P. Hydrothermal Synthesis of Uranyl-organic Frameworks with
Pyrazine-2,3-Dicarboxylate Linkers. CrystEngComm 2008, 10, 1082–1087.

44 McCleskey, T. M.; Burns, C. J.; Tumas, W. Uranyl Photochemistry with Alkenes:
Distinguishing between H-Atom Abstraction and Electron Transfer. Inorg. Chem. 1999, 38,
5924–5925.

45 Burrows, H. D.; Kemp, T. J. The Photochemistry of the Uranyl Ion. Chem. Soc. Rev. 1974,
139–165.

46 Zucchi, G.; Maury, O.; Thu�ery, P.; Gumy, F.; Bunzli, J. C. G.; Ephritikhine, M. 2,20-
Bipyrimidine as Efficient Sensitizer of the Solid-State Luminescence of Lanthanide and
Uranyl Ions from Visible to Near-Infrared. Chem.;Eur. J. 2009, 15, 9686–9696.

47 Denning, R. G.; Norris, J. O. W.; Short, I. G.; Snellgrove, T. R.; Woodwark, D. R. In
Lanthanide and Actinide Chemistry and Spectroscopy; Edelstein, N. M., Ed.; ACS
Symposium Series 131; American Chemical Society: Washington, DC, 1980; Chapter 15.

48 Volkovich, V. A.; Griffiths, T. R.; Fray, D. J.; Thied, R. C. The Electronic Spectra of Alkali
Metal Uranates and Band Assignments: an Analysis of Their Diffuse Reflectance Spectra.
Phys. Chem. Chem. Phys. 2001, 3, 5182–5191.

49 Nomura, K.; Ohta, H.; Ueda, K.; Kamiya, T.; Hirano, M.; Hosono, H. Thin-Film Transistor
Fabricated in Single-Crystalline Transparent Oxide Semiconductor. Science 2003, 300,
1269–1272.


