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Abstract  

Reported are the syntheses, structural characterizations and luminescence properties of three 

novel [UO2Cl4]
2 bearing compounds containing substituted 1,1’-dialkyl-4,4’-bipyridinum 

dications (i.e. viologens). These compounds undergo photoinduced luminescence quenching upon 

exposure to UV radiation. Kinetic analyses indicate the degree of quenching follows a second-

order rate law with a rate constant dependent on viologen substituent. This phenomenon is 

proposed to involve the formal transfer of one electron from the [UO2Cl4]
2- to the viologen species. 

This proposed mechanism is supported through a series of calculations and computational work 

including Rehm-Weller analysis, time-dependent density functional theory (TD-DFT), and density 

of states (DOS). This work constitutes the first study of an oxidized uranyl complex anion which 

expands the conventional understanding of uranyl photoreactivity. 

  

Introduction 

The photoreactivity of uranium, and specifically that of the uranyl unit (UO2
2+), has been a 

fruitful area of study for actinide chemists for decades. From the characteristic luminescent 

emission of the uranyl cation to the chemical reactivity afforded by the excited species, researchers 

have probed ways to harness this unique photoreactivity. Some of our previous work has 

capitalized on the ability of the uranyl cation to prompt in situ peroxide formation in order to make 

novel families of solid-state complexes.1 Indeed this is a well-understood phenomenon whereby 

the uranyl cation is excited by incident light to make a strongly oxidizing species that participates 

in hydrogen abstraction (with a suitable substrate) and subsequently reduces ambient oxygen,2 

ultimately resulting in radicalized substrate species and peroxide ions. This photoreactivity scheme 

has been utilized by this group1 and others3 and has resulted in rich and diverse families of uranyl-

bearing materials.  

Still more work has been committed to immobilizing the uranyl cation with ancillary ligands 

in order to channel its photoreactive properties in solid-state materials and metal organic 
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frameworks, which allows the uranium to execute interesting and diverse functions.4–8 Some have 

utilized such systems for applications including the degradation of organic dyes, catalysis of 

organic reactions, and use in radiation sensing devices.4 What has become clear from these efforts 

is that uranyl photoreactivity persists in uranyl-bearing systems in both the solution state and the 

solid state, but the mechanisms by which these processes occur are varied. Some heterocatalytic 

materials allow the uranyl cation to carry out the role described by Espenson et al. (and described 

above).9 Other materials favor a prolonged radicalization of ligands which manifests itself as 

luminescence quenching,7 whereas others evoke long-lived reduced uranium metal centers.5 The 

mechanism proposed by Espenson et al. likely describes the majority of the activity seen in uranyl-

bearing systems in the solution state, yet a similarly encompassing description for photoreactive 

solid-state materials remains elusive. Thus there is a need to synthesize new photoreactive uranyl 

materials and probe the relevant properties and origins thereof.  

The simple uranyl tetrachloride ([UO2Cl4]
2-) anion is a prime candidate with which to probe 

the photoreactivity of solid-state uranyl bearing materials. This unit has well understood optical 

and chemical properties, and has been studied extensively for its propensity to form 

supramolecular networks with organic cations such as pyridinium derivatives.10–12 Building on 

these efforts, we herein introduce viologens to form analogous materials, which may leverage their 

well-established electronic properties as utilized in catenanes, molecular switches and machines, 

and photochromic materials.13–15 Viologens act as one- or two-electron acceptors by providing 

energetically accessible π* orbitals that are reduced via photoelectron transfer (PET). PET is the 

process whereby an excited electron, from an electron rich donor species, is transferred to and 

subsequently reduces the acceptor species, forming a stable redox product. Owing to conjugation 

about the aromatic rings, reduced viologen radicals are particularly stable in these reactions.  

Hybrid materials featuring viologens with metals often display diverse photophysical 

properties and have a deep literature precedent,16–18 Examples include photochromic zinc 

materials15 and more recently redox active lanthanide materials.19 Turning to the actinides, and the 

uranyl unit in particular, examples are far fewer and a search of the Cambridge Structural Database 

(CSD) reveals that only handful of uranyl-viologen compounds have been characterized (CCDC 

references: KOPMEK, KOPMIO, KOPMOU, KOPMUA, KOPNAH, NOTFOT).20,21 These 

examples utilize the viologen and uranyl for both their photochemical and structural contributions, 

yet lack an investigation of the underlying interactions between the two motifs. As such, we see 
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an opportunity to synthesize uranyl-viologen bearing materials with a focus on the fundamental 

photoreactivity as influenced by these two units. 

The synthesis and characterization of three novel uranyl compounds that feature [UO2Cl4]
2- 

units paired with methyl (MV), ethyl (EV), and propyl (PV) viologen dications is reported herein. 

These compounds exhibit typical green uranyl emission behavior which can be quenched via 

prolonged irradiation with UV light. Kinetic studies demonstrate that this process occurs via a 

second order reaction whose rate constant is dependent on the viologen substituent. We postulate 

that exposure to UV light gives rise to a PET process whereby the [UO2Cl4]
2- unit is oxidized to 

an air stable radical [UO2Cl4]
n- species via electron transfer to the viologen cation. A PET 

mechanism is proposed and explored through a hybrid experimental and computational approach. 

Results demonstrate that the photoinduced redox reaction between [UO2Cl4]
2- and viologen ion 

pairs is (i) thermodynamically favorable and (ii) possible owing to the band structure and excited 

state transitions. To our knowledge this is the first report of a long-lived radical [UO2Cl4]
n- species.  

Experimental 

General. 

 Caution!: Cs2UO2Cl4 and UO2(CH3CO2)2; These compounds contain depleted U, and as such, 

standard precautions and protective measures should be taken when handing this radioactive and 

toxic heavy metal. 

Synthesis. 

Cesium Uranyl Tetrachloride. Uranyl Acetate (C4H6O6U) (.6240 g, 1.471 mmol) and CsCl 

(.4959 g, 2.945 mmol) were dissolved in 10 mL of a 6 M HCl solution and heated to dryness to 

form long yellow shard-like crystals. The product was collected and characterized by PXRD to 

verify product purity (compared to ICSD #56859; Figure S1), and used for subsequent syntheses.  

Methyl Viologen Dichloride Hydrate. Reagent was purchased from Sigma Aldrich (99% 

purity).  

Ethyl- and Propyl-Viologen Diiodide. The corresponding alkyl iodide, ethyl iodide (C2H5I) 

(.35 mL, .68 g, 4.4 mmol) in the synthesis of EV and propyl iodide (C3H7I) (.42 mL, .75 g, 4.4 

mmol) in the synthesis of PV, were combined with 4,4’-bipyridine (C10H8N2) (EV: .3345 g, 2.142 

mmol; PV: .3332 g, 2.133 mmol) in a 100 mL round-bottom flask. The reactants were dissolved 
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in 20 mL of acetonitrile, stirred, and heated to reflux for 24 hours. The solution was cooled, and 

the solid product, an orange powder (EV) or a dark red powder (PV), was filtered and washed with 

ethyl acetate.22 Purity was confirmed by powder X-ray diffraction (PXRD) as compared to 

simulated patterns from single crystal diffraction analysis (Figures S2 and S3).  

Compounds 1-3, [MV][UO2Cl4]; [EV][UO2Cl4]; [PV][UO2Cl4]. Cs2UO2Cl4 (.0668g, .0986 

mmol; .0677 g, .999mmol; .0679 g, .100mmol for 1-3 respectively) was combined with the 

corresponding viologen-halide salt: (1) methyl viologen dichloride hydrate (C12H14N2Cl2 · H2O) 

(.102mmol, .0263g); (2) ethyl viologen diiodide (C14H18N2I2) (.103 mmol, .0482 g); (3) propyl 

viologen diiodide (C16H22N2I2) (.102 mmol, .0505 g), and dissolved in water. Slow evaporation of 

the solution yielded yellow block crystals (1 and 2) and dark-yellow shard-like crystals (3) after 

10 days. PXRD patterns of bulk samples were compared to calculated patterns, based on SCXRD 

data of 1-3, to verify the product purity (Figures S4-S6). Crystals were physically separated and 

harvested for further analysis. 

X-ray Crystallography. Crystals of sufficient quality were collected from each corresponding 

reaction and mounted on MiTeGen micromounts. X-ray diffraction data was collected, at 100 K 

on a Bruker D8 Quest equipped with an Incoatec IμS 3.0 Microfocus X-ray source (Mo Kα, 

λ=0.71073 Å) and Photon II detector. ShelXT was used to determine molecular structure via 

intrinsic phasing methods through the APEX III software package.23 Further structural refinements 

were carried out using SHELXL-2014 in the program ShelXle.24 Hydrogen atoms were placed in 

idealized positions for aromatic, secondary, and primary carbons, respectively, and allowed to ride 

on their parent atoms. Further information on modelling and refinement can be found in the 

Supporting Information (SI). We note that 3 exhibited significant positional disorder of both the 

uranyl tetrachloride anion and the viologen molecule. The interatomic distances have been 

expressed as ranges of possible interaction lengths and errors associated with distances are omitted. 

Details of the disorder are included in the crystallographic information file of 3.  

Table 1: Crystal structure and refinement data for 1-3. 
 1 2 3 

CCDC ref code    

Formula [C12H14N2][UO2Cl4] [C14H18N2][UO2Cl4] [C16H22N2][UO2Cl4] 

Formula Weight, g 598.08 626.13 654.18 

Crystal System Monoclinic Triclinic Orthorhombic 

Space Group P21/n P1̅ Pnnm 

a, Å 6.8889(3) 8.1393(8) 8.7757(4) 

b, Å 10.9983(5) 8.1541(8) 13.8926(6) 
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c, Å 11.1155(4) 8.6929(8) 8.5361(4) 

α, ° 90 108.605(3) 90 

β, ° 90.3850(10) 117.112(3) 90 

γ, ° 90 93.241(3) 90 

Volume, Å3 842.16(6) 472.55(8) 1040.70(8) 

Z 2 1 2 

radiation Mo Kα (0.71073 Å) Mo Kα (0.71073 Å) Mo Kα (0.71073 Å) 

Temp., K 100(2) 100(2) 100(2) 

R1 0.0143 0.0118 0.0493 

Rint 0.0283 0.0306 0.0405 

Powder X-ray Diffraction. PXRD data were collected on ground bulk samples using the 

Rigaku MiniFlex 6G Benchtop X-Ray Diffraction System in the SmartLab Studio II software suite. 

Patterns were collected with Cu Kα (λ=1.5406 Å) radiation from samples mounted on zero-

background silicon sample holders. The data was subsequently processed with the Match! 3 

software package.25 

Optical Measurements. Diffuse reflectance spectra were collected using Mikropack DH-

2000-BAL deuterium and halogen lamps generating light that was delivered and collected with a 

fiber-optic cable. An Ocean Optics Flame detector was used to analyze the scattered light. Spectra 

were collected on samples of 1-3 at 298 K while resting on a BaSO4 pressed pellet, which served 

as a reference material. Data were processed using OceanView spectroscopy software and Tauc 

plots of reflection data were generated. Steady-state luminescence scans of 1-3 were collected at 

298 K with a Fluorolog®-3 photoluminescence spectrophotometer from Horiba using a 450 W 

xenon arc lamp combined with a double excitation monochromator and double emission 

monochromator. A photomultiplier tube at 950 V was used as the emission detector.  

Kinetic Measurements. Kinetic data were obtained via monitoring luminescence emission 

spectra over time as samples were irradiated with UV-light. Irradiation was achieved using a 450 

W xenon arc source and a double excitation monochromator. Excitation monochromators were 

fixed at 345 nm for 1 and 325 nm for 2 and 3 with 14 nm slit widths for the light apertures, to 

achieve sufficient irradiation. Emission spectra were measured at various time intervals using the 

maximum excitation values of 345 nm for 1 and 325 nm for 2 and 3. Emission intensity values 

were taken from the emission maximum at 525 nm for 1 and 524 nm for 2 and 3. Kinetic 

experiments on 1-3 were repeated three times with fresh material and the average of the data 

obtained. To compare kinetic data to a non-viologen-bearing system, three control experiments 
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were performed on Cs2UO2Cl4 with excitation and emission wavelengths of 350 nm and 522 nm, 

respectively. 

Computational Methods. Density functional theory (DFT) and time-dependent density 

functional theory (TD-DFT) were used to calculate optimized structures and molecular orbital 

transitions from truncated models of 1-3 (Figure S7, SI). Calculations were performed in the 

Gaussian 16 software (Gaussian Inc.)26 using the B3LYP27,28 functional with the def2-TZVP basis 

set for all Cl atoms29, the 6-311G(d,p) basis set for all C/H/N/O atoms30, and the scalar relativistic 

Stuttgart energy-consistent relativistic 32 valence electron pseudopotential and associated 

ECP60MWB_SEG valence basis set for U atoms.31–33 Isodensity representations of molecular 

orbitals were rendered using the Avogadro (v1.2.0) software,34  and calculated ground state 

parameters and full molecular orbital diagrams can be found in the SI. Density of state (DOS) 

calculations were performed on 1-3 using periodic boundary conditions in Gaussian 16 on 

crystallographically determined unit cells. DOS calculations were carried out via the HSE0635–40 

method utilizing the Heyd−Scuseria−Ernzerhof (HSE) hybrid combined with Perdew, Burke, and 

Ernzerhof’s (PBE) exchange and correlation functions as well as the above-mentioned basis sets. 

Total density of states (TDOS) and partial density of states (PDOS) data were extracted and 

analyzed using the Multiwfn program.41 The TDOS was delineated into select PDOS components 

consisting of the U s/p, d, and f shells, the viologen π and π* (p shell) molecular orbitals, and the 

halide p shell. 

Results and Discussion. 

Local Structure. The [UO2Cl4]
2- anion is common to 1-3 and features a central square 

bipyramidal uranyl cation coordinated equatorially by four chloride ligands (Figure 1). The 

average U=O length is 1.76 Å whereas the average U-Cl bond is 2.67 Å with no appreciable 

differences between uranyl anions in 1-3, whose complete crystallographic parameters are in 

Tables S1-S3.  
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Figure 1: Ball and stick representation of the tetrachloro uranyl dianion showing the U(VI) 

(yellow) center coordinated axially to two O (red) ligands and equatorially to four Cl (green) 

ligands.  

Crystal Structure Descriptions. 

Compound 1, (C12H14N2)(UO2Cl4), crystalizes in the monoclinic space group, P21/n, where 

both the uranyl anion and viologen cation lie on centers of inversion (Figure 2). This bimolecular 

salt is assembled in large part by simple anion-cation attractive forces, yet with a modicum of non-

covalent interactions (NCIs), which may facilitate charge transfer (below). These include 

halogen⋯π and oxo⋯π interactions (lone-pair⋯π interactions), characterized by the overlap of the 

van der Waals (vdW) radii of an electron rich atom (Cl/O) and an atom from an aromatic ring 

(C/N), and the lone pair donor species being positioned nearly perpendicular to the face of the 

ring.42 Of these, there are one halogen⋯π, and one oxo⋯π interaction with ligand-to-ring distances 

of 3.382(3) Å (Cl1⋯C5), 3.007(3) Å (O1⋯N1), and 3.019(3) Å (O1⋯C1). These distances 

represent 98%, 98%, and 94% of the vdW radii sum, respectively. Packing of 1 (Figure 2) shows 

the packing and relevant NCIs between the [UO2Cl4]
2- anions and neighboring MV2+ cations.  

 
Figure 2: Polyhedral representation of the assembly of compound 1. Non-covalent interactions are 

highlighted by red dashed lines. Uranium metal centers are represented by yellow polyhedra. Color 

scheme: N, blue; O, red; green, Cl. Hydrogen atoms have been omitted for clarity.  
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Compound 2, (C14H18N2)(UO2Cl4), crystalizes in the triclinic space group P1̅. Like 1, the 

interactions between molecules in 2 are largely electrostatic (Figure 3). While short contacts 

between uranyl ligands and the aromatic viologen atoms are observed (Cl⋯C/N), no contact has 

the appropriate orientation, as described above, to be considered a halogen/oxo⋯π interaction. The 

molecular units assemble in alternating sheets of [UO2Cl4]
2- anions in the (010) planes and the 

viologen cations composing the (020) planes (Figure 3). 

 

 
Figure 3: Polyhedral representation of the crystal packing in compound 2, shown along the c-axis.  

Compound 3, (C16H22N2)(UO2Cl4), crystalizes in the orthorhombic space group Pnnm. Figure 

4 shows the assembly of this compound which features a single NCI of note, a halogen⋯π 

interaction between a chloride ligand and the π-system of a neighboring viologen. This interaction 

has a range of possible distances and angles (3.448 Å to 3.493 Å (Cl to π-centroid distance); 99.80° 

to 102.03° (∠C-centroid-Cl)), owing to positional disorder in the modelling, but at its nearest 

occurrence of 3.448 Å, qualifies as a halogen⋯π interaction, albeit quite weak.42 [UO2Cl4]
2- units 

are flanked, along the b-axis, by propyl viologen cations that accommodate the lone Cl⋯π NCI. 

This alternating anion-cation motif creates nearly discrete 2D sheets along the (001) plane. 
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Figure 4: Polyhedral representation of the crystal packing in compound 3, shown along the a-axis. 

Halogen⋯π interactions are highlighted by red dashed lines. 

Optical Properties. Solid-state diffuse reflectance spectra were collected at room temperature 

on compounds 1-3 (Figure 5). The reflectance profiles, in all cases, feature a strong, broad 

absorption band in the UV which extends into the visible region. The optical absorption edge 

decreases with cation size on the order of 1 > 2 > 3 at 2.44 eV, 2.18 eV, and 2.09 eV, respectively 

(Figure S8). The absorption edge value is surmised to be dependent on the viologen species, owing 

to the common uranyl species in each compound, and would comport with typical viologen 

behavior where larger or weaker electron donating substituents tend to lead to smaller band gap 

energies.43 It is worth noting that the known uranyl tetrachloride absorption bands centered around 

320 nm (3.87 eV) and 420 nm (2.95 eV) overlap with those of the viologen cations, demonstrating 

that the lower lying filled orbitals of the ion pairs are similar in energy.  

The excitation and emission spectra (Figure 5) show typical uranyl luminescence features 

across 1-3. The excitation profiles of the materials show two broad excitation peaks centered at 

345 nm and 420 nm corresponding to the ligand to metal charge transfer (LMCT) bands associated 

with the equatorial chlorides and axial oxygens, respectively. Specifically, these bands arise owing 

to the electronic transition from the ground state uranyl bonding orbitals (3σu, 3σg, 1πg, 2πu) to 

non-bonding uranium 5f δu and ϕu orbitals.44 The finger-like peaks observed in the emission 

profile, like those in the excitation spectra, result from vibronic coupling to the symmetric U=O 

stretch. Notably, compounds 2, 3, and to a lesser extent 1, display additional vibronic features in 

the emission band, which corresponds to coupled U-Cl vibrational modes (a phenomena we have 

reported previously for other uranyl tetrachloride containing materials).12 There are notable 

differences in the excitation profiles across 1-3 (Figure 5, right), namely, the excitation bands vary 

in relative intensities as the identity of the viologen changes. For example, in 1 the axial and 

equatorial excitation bands are similar in intensity whereas for 3 the equatorial excitation band is 
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much higher in intensity than the axial band. A reduction in relative band intensity of the low 

energy axial band is indicative of more efficient equatorial ligand charge transfer resulting in 

emission (as opposed to nonradiative decay). This phenomenon is more pronounced in the 

compounds with larger viologen substituents, though the reason for this trend is not clear.  

 
Figure 5: Diffuse reflectance (left) and photoluminescence (right) spectra of compounds 1-3 at 

298 K. Excitation spectra are shown in gold and emission spectra are shown in blue. The size of 

the viologen species (3 > 2 > 1) corresponds to a greater relative intensity of the high-energy 

excitation band (~335 nm), indicating that the charge transfer in the chloride ligand, relative to 

that of the oxygen, occurs to a greater extent in the emissive species as viologen size increases. 

 

Kinetics. 

At the beginning of this study of pairing the uranyl tetrachloride anion with various viologens, 

it was unclear how the latter would influence the optical properties of the uranyl species. During 

the course of luminescence characterization, however, it became clear that the high-energy 

excitation band (the most intense band in compounds 1-3), began red shifting as spectrum 
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acquisition time increased. This was observed in addition to a discernible decrease in overall 

emission intensity. Probing these observations further indicated that the luminescence profiles of 

the materials were changing, the degree to which was influenced by the amount of time the sample 

was irradiated. These observations, which from our perspective were not anticipated features of 

uranyl tetrachloride containing materials, prompted a deeper and more systematic experimental 

inquiry, as well as a computational effort to rationalize the observed behavior. 

 Exposure of 1-3 to UV light (~350 nm) leads to the gradual quenching of uranyl emission 

intensity over time. This phenomenon was investigated by measuring the emission and excitation 

of 1-3 at 5 to 30 min intervals over the course of 3 hours of UV irradiation (Figure 6), and it was 

observed that the overall intensity reduction occurs on the order of 1 > 2 > 3 at 53%, 67%, and 

84%, respectively. The excitation spectra reflect the loss of intensity of the emission; however, we 

note a difference in the relative reduction of the axial and equatorial bands. The equatorial charge 

transfer excitation band (250 nm – 350 nm) undergoes red-shifting and is dramatically reduced 

relative to the axial charge transfer excitation band (400 nm – 475 nm). This is most obvious in 3, 

where the axial band intensity is reduced by ~33% and the equatorial is reduced by ~70%. 

Interestingly, the emission quenching was partially reversed by allowing the sample to remain in 

a dark environment overnight, and after 20 hours, a notable portion of the luminescence intensity 

was recovered in all samples (7-21% recovery of max emission intensity; Figure S9, SI).  
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Figure 6: Luminescence spectra of 1-3 collected over 3 hours at different time intervals following 

exposure to UV-light. This shows that emission intensity is quenched as a function of UV light 

exposure. 

The rate of emission quenching decreases significantly after 2 hours of exposure with no 

further quenching after 3 hours. Time-dependent emission quenching of 1-3 obeys second-order 

reaction kinetics: 1/[(It-I)/(I0-I)] – 1/(I0-I) = kt, where k is the second-order rate constant and I0, 

It, I are the intensity values at time zero, time t, and the equilibrium point, respectively. This is 

consistent with the bimolecular process of electron transfer between molecular units, including in 

viologen containing materials.45–47 We have plotted this relationship in Figure 7 and determined 

the rate constants of 1-3 to be 0.0458 mol-1min-1, 0.0461 mol-1min-1, and 0.076 mol-1min-1, 

respectively. It is clear that 3 experiences the most rapid quenching, while 1 and 2 are much slower 

with equivalent rates. Given the similarity of the uranyl anions in 1-3, we attribute the difference 

in rates to the viologen species. It has long been known that the viologen substituent is responsible 

for changes in the reduction potential of these dicationic units where larger or more electron 

donating groups give rise to larger potential values.48 Plotting of the second order rate constant 

versus the viologen reduction potential (Figure S10, SI) yields a linear relationship, indicating that 
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the reaction rate is dependent on the viologen species and independent of the uranyl unit. As the 

luminescence arises from the uranyl anion, its loss of intensity over time signifies the gradual 

conversion of the [UO2Cl4]
2- unit into a relatively non-luminescent species. We therefore posit, 

and support below, that this occurs via photoinduced electron transfer between inorganic and 

organic units whose reaction rate is a function of viologen identity. Such a mechanism is intriguing 

as it implies the presence of a relatively air stable oxidized [UO2Cl4]
n- (n = 0 or 1) species. 

 
Figure 7: Kinetics of photoinduced emission quenching of 1-3. Emission monitored at 526 nm 

for 1, 524 nm for 2, and 525 nm for 3. 

These observations highlighted the need for a control experiment to properly attribute the 

observed photoreactivity to the viologen-uranyl tetrachloride ion pair, and not strictly the uranyl 

species alone. As such Cs2UO2Cl4 was irradiated in the same manner as that for 1-3 and displayed 

a noticeable loss of emissive intensity (~36%). This was surprising given that this is a well-studied 

complex and such photoreactivity, to our knowledge, has not previously been described. While at 

first it seemed a similar PET process may be at play in Cs2UO2Cl4 (as in 1-3), a few significant 

differences were observed that dispelled this notion. First, all of the lost emissive intensity was 

recovered (~43%) after 20 hours in darkness in two of three experiments, and nearly all emission 

intensity returned in the third (Figure S11). This contrasts with the partial recovery observed in the 

viologen containing species (Figure S9). Second, the excitation profile experiences no significant 

band shifting, and the relative intensity of the bands remain constant regardless of irradiation time. 

Lastly, and of most importance, is that the rate of quenching follows a first-order rate law, which 

is inconsistent with the second-order law(s) observed in 1-3 (Figure S12).  

Literature Precedence of Uranyl Photoreactivity. The photoreactivity of uranyl-bearing 

systems has long been observed and is frequently utilized in a variety of contexts.9,49–52 Typically, 

the process is related to the phenomena detailed by Espenson et. al., whereby a uranyl ion in 
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solution is excited by incident light to form a highly oxidizing UO2
2+* species.2 This species, in 

turn, reacts with organic substrates or water, usually via hydrogen abstraction, to create organic 

radicals and a newly reduced U(V)O2
+ species. U(VI)O2

2+ is regenerated upon the oxidation of the 

pentavalent species, either by an organic substrate or molecular oxygen. In the latter case, oxygen 

can be converted to peroxide in solution which, as discussed above, can result in peroxide bound 

uranyl species.1 This is closely related to how the photoreactivity of uranyl heterocatalysts causes 

C-H bond activation in some substrates.4 It has also recently been suggested that uranyl 

heterocatalytic MOFs, with substrate accessible void space can photoradicalize and stabilize 

pentavalent uranium in its structure.5 U(V) does not emit the same characteristic U(VI)O2
2+ 

luminescence signature, as such, we needed to employ due diligence in assessing possible 

formation of a pentavalent species. 

Probing for U(V). Experimentally, we find no evidence that reduction of the uranium metal 

is taking place (through Raman, SCXRD, and luminescence). In the Raman spectra of uranyl-

bearing materials it is common to observe a red-shift in the symmetric stretching peak of the uranyl 

unit (usually ~850 cm-1) caused by a weakening in the U=O bond as the non-bonding 5f orbitals 

are populated upon formation of U(V), however, after irradiation of 1-3 there is no change in the 

peak positions (Figures S13-S15). Relatedly, the U=O bond weakening associated with U(V) 

formation tends to elongate the uranyl bond, but experimentally we find no significant differences 

between any bond lengths in fresh single crystal samples versus those that have been irradiated. In 

addition, the luminescence data suggest that while quenching of the uranyl unit is occurring, there 

is no evidence for the formation of U(V), as we see that (i) there is no emergence of a U(V) 

emission band (centered at ~475 nm)53 and (ii) the uranyl anion continues to emit characteristic 

U(VI) emission after the quenching has taken place (as evidenced by the diminishing equatorial 

excitation, seen in the excitation profile of 1-3; Figure 6). With regard to this latter point, it is 

worth noting that the red-shifting seen in the equatorial excitation band may be indicative of a 

destabilization of the U-Cl bonding orbitals in the nominally quenched species. Moreover, the 

generation of U(V) intermediates is hindered owing to: (i) the lack of free exchange of substrates 

as afforded by solution-state chemistry, (ii) the viologen is a reliable electron acceptor, making 

electron transfer to the uranium very unlikely. 

Generation of Radical Species as a Means of Quenching. Having explored the role of the 

uranyl unit with regard to photoreactivity, we turn to the viologen species to probe its 
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contributions. The presence of the viologen requires us to consider the unconventional possibility 

of electron transfer from the uranyl unit (electron rich) to the viologen (electron poor) ions, 

facilitated by incident UV light, which may initially be expressed by the equation  

[UO2Cl4]2− +  RV2+  →  [UO2Cl4]n−2 +  RV2−n  (1) 

where RV is a generic viologen species and n is the number of transferred electrons. This process 

would fit the well-documented electron accepting ability of viologen materials but requires uranyl 

tetrachloride anions to donate electrons.    

Recent work that speaks to this possibility has been reported by Wang et al. and invokes 

the formation of ligand-based radicals, which disrupt the uranyl electronic transition pathway 

resulting in emission quenching over long periods of UV irradiation.7 Generally speaking, these 

compounds feature conjugated ancillary ligands that experience bond-breaking owing to incident 

radiation. Subsequent radicals are formed and stabilized by the bound ligands. If we consider an 

analogous process in 1-3, the radicalization would occur between the uranium center and a chloride 

ligand. This is reminiscent of the previously observed phenomena of equatorial ligand donors 

participating in LMCT, whereby an electron is transferred from the U-L bonding orbitals to the 

uranium 5f orbitals upon excitation.54 The excited state would be stabilized by the unaffected 

chloride ligands in the equatorial plane, preventing the immediate reformation of U-Cl bond and 

concurrent return to the ground state electron configuration. The result would be a radical shared 

amongst the equatorial ligands that disrupts the frontier orbital electron construct to such a degree 

that the emission pathway is no longer available and thus quenching occurs.  

The main discrepancy between these systems that needs to be redressed is the stabilization 

of the radical: in the absence of extended conjugated ligands, is the radicalized chloride ligand 

sufficiently stabilized by the ligands of the uranyl tetrachloride complex to cause prolonged 

quenching? While the chloride ligands may at first seem less capable of charge distribution than 

large aromatic ligands, solution state studies have shown that chloride ions are capable of electron 

transfer to the excited state uranyl cation.55 This, paired with the fact that there are several chloride 

ligands with molecular bonding orbitals identical in energy to that of the radicalized chloride, leads 

us to believe that charge sharing throughout the equatorial ligand plane results in resonance 

stabilization of the excited state, and a perturbation of the electronic structure (U-Cl orbitals) such 

that further charge transfer (and emission) is less favorable. This may explain the observed 
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quenching in the Cs2UO2Cl4 control experiment, and why the U-Cl orbitals are destabilized with 

increasing irradiation (evidenced by the red-shifting of the high-energy equatorial LMCT band).  

Photoinduced Electron Transfer Mechanism. Ikeda et al. also help us to predict what 

may happen to the excited electron, which resides in the uranium 5f orbitals. In the solution state, 

and our control uranyl species, the excited electron has no pathway of relaxation besides returning 

to the radicalized chloride. However, in 1-3 we have reliable electron reservoirs neighboring the 

uranyl tetrachloride complex (i.e. the viologen) that could be capable of accepting the excited 

electron, thereby oxidizing the uranyl complex. This would explain the difference in rate with 

which emissive intensity returns to the Cs2UO2Cl4 versus the viologen-bearing materials, as well 

as the decline in the relative intensity of the high-energy equatorial excitation band (as the 

equatorial ligands are deprived of electrons). Moreover, it would also follow that if the viologen 

species were changed, the electron accepting capability or radical stability of the viologen would 

alter the rate of quenching. 

Bearing this proposed photoreactivity mechanism in mind, we initially proposed a 

derivative of Wang’s mechanism by the following elementary steps: 

[UO2Cl4]2− + hν → ∗ [UO2Cl4]2−  Uranyl Excitation (3) 

∗ [UO2Cl4]2− + RV2+  →  {∗ [UO2Cl4]2− ⋯ RV2+}  Complexation (4) 

{∗ [UO2Cl4]2− ⋯ RV2+}  →  [UO2Cl4]1− + RV1+  Electron Transfer (5) 

Considering the mechanism, stepwise, from an electronic perspective, we have initial 

excitation of the uranyl unit from a singlet ground state to an excited triplet state. Worth noting is 

that this process is the product of charge transfer from bonding orbitals, mostly chloride ligand in 

character, to the uranium 5f orbitals.44 Once promoted, the excited electron would be transferred 

to the vacant viologen π* orbital which would lead to an interaction between the excited uranyl 

unit and the viologen. Once the interaction ceases, the excited electron of the uranium (originally 

from the uranyl ligands) would be transferred to the viologen creating a new monocationic doublet 

viologen species and an oxidized monoanionic uranyl tetrachloride complex. The non-trivial 

process of formal electron transfer across molecular fragments would set this photochemical 

mechanism apart from those previously documented for radical-forming solid uranyl materials. 
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Figure 8: A simplified diagram describing the excitation and subsequent transfer of one electron 

from the uranyl species to the viologen molecule via photoelectron transfer. S0, singlet ground 

state; S1, first excited state; T1, first triplet state; PET, photoinduced electron transfer. 

Criteria for Electron Transfer. For this process to be viable, the properties of the materials 

must satisfy certain conditions: (i) the process must be thermodynamically favorable and (ii) 

electronic structure and excited state transitions must serve as pathways to electron transfer. We 

probed these two criteria using a hybrid experimental and computational approach; 

experimentally, we employed the Rehm-Weller equation to determine thermodynamic likelihood 

based on the energy of light being absorbed by the material, and the reduction potentials of the 

relevant species. Computationally, density of state calculations allowed us to determine the band 

structure of the materials in order to evaluate whether or not an electronic structure that is amenable 

to electron transfer from the U 5f orbitals to the viologen π* orbitals is present. We also carried 

out free-energy change and TD-DFT calculations to reinforce our experimental thermodynamic 

data and calculated the origin and destination of electronic transitions that would be relevant to 

electron transfer. With these data we validated the possibility of an oxidized uranyl tetrachloride 

species in these materials. 

Rehm-Weller Analysis. In order to assess the thermodynamic favorability associated with 

electron transfer from uranyl tetrachloride to the corresponding viologen species, a Rehm-Weller 

analysis was conducted using the equation: 

∆GET = (Eox − Ered) − Es −
es

2

εa
 

The Rehm-Weller equation describes the relationship between the reduction potentials of the redox 

pair involved in electron transfer (Eox, Ered), the ground state singlet energy of the complex (Es), 
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and the subsequent coulombic attraction the pair experience as a result of the reaction (eo
2/εa = 

0.15 eV).56 Standard reduction potentials of the viologen units have been reported previously at -

0.446 V, -0.449 V, and -0.635 V for methyl, ethyl, and propyl viologen, respectively.57,58 While 

an oxidation potential for [UO2Cl4]
2- is unreported, we may instead use the potential associated 

with the oxidation of the chloride ligands (-1.3583 V) assuming no overall change in the oxidation 

state of the UO2
2+ ion.59 The Es value are calculated based from the absorption edge of these 

materials, which are derived from the DRS spectra. Rehm-Weller parameters are provided in Table 

S4 (SI) with calculated ΔG values of -3.51 eV, -3.24 eV, and -2.97 eV for 1, 2, and 3, respectively. 

The analysis confirms that the photochemical reaction of a photoexcited electron transfer from the 

uranyl anion to the viologen cation has a negative ΔG value in all cases, and thus is 

thermodynamically favorable. This analysis supports our reaction mechanism described above in 

that the uranyl unit acts as a photoexcited electron donor to generate a reduced viologen cation 

and oxidized uranyl tetrachloride ion.  

Changes in Free Energy (E kJ mol-1). As initially indicated by the Rehm-Weller analysis, the 

transfer of an electron from [UO2Cl4]
2- to the viologen species occurs as a thermodynamically 

favorable reaction. To validate further, we have calculated the reaction energies of the [UO2Cl4]
2- 

and viologen units in various oxidation states (Table S5). The change in energy from the singlet 

dianionic [UO2Cl4]
2- to the triplet [UO2Cl4]

2- or doublet [UO2Cl4]
1- species is positive/endothermic 

for both charges/spins. The greatest change in energy (+221 kJ/mol) occurs as the uranyl unit 

electronically rearranges from the singlet to triplet state. Notably, the doublet state or oxidized 

[UO2Cl4]
- species is lower in energy compared to triplet state (lower by -40.3 kJ/mol), indicating 

the propensity to act as a potential metastable state upon oxidation. Corresponding changes in 

energy for the reduction of RV2+ to RV+ are distinctly negative/exothermic and are greater in 

magnitude (852 kJ/mol to 869 kJ/mol) compared to the uranyl species. The E for the reduction 

of the viologen species is on the order of MV2+ > EV2+ >> PV2+. Using the E values, we have 

calculated the free energy change of the reaction involving the redox of [UO2Cl4]
2- and the 

viologen dication where the uranyl unit acts as an electron donor in Figure 9. Clearly the overall 

reaction is energetically favorable where the oxidized [UO2Cl4]
2- and reduced RV+ products are 

significantly lower in energy compared to the reactant species and the photoexcitation of the 

[UO2Cl4]
2- triplet is the activation barrier. This change in free energy supports the Rehm-Weller 

assertion that the photoexcited triplet [UO2Cl4]
2- is capable of transferring an electron to the 
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viologen dication. Importantly, these calculations do not invoke a U(V) center and instead support 

the formation of a radicalized [UO2Cl4]
1- species whereby the unpaired electron is delocalized 

across the O/Cl ligands (Table S6, SI). 

Free energy evaluation also requires considering the alternative reaction where the [UO2Cl4]
2- 

acts as an electron acceptor and the viologen as an electron donor. Whereas the removal of an 

electron from the uranyl species has a E lower than that of the triplet state, the reduced [UO2Cl4]
3- 

species (also a doublet) is significantly higher in energy than the triplet state (greater by +281 

kJ/mol). Furthermore, oxidization of the viologen to produce a tricationic species is positive in 

energy and greater by an entire order of magnitude. The reaction coordinates demonstrate that this 

reaction, where the uranyl is the electron acceptor, is energetically unfavorable.  

 
Figure 9: DFT calculated reaction coordinate diagram showing changes in free energy for the step-

wise transfer of one electron between [UO2Cl4]
2- and MV2+. The numbers listed above each energy 

level refer to the relative change in free energy in kJ mol-1 versus the reactants. 

Band Structure. Common to the reduction of viologens in photoreactive materials, and PET 

more generally, is the presence of energetically accessible π* molecular orbitals into the band 

structure, which may act as photoexcited electron acceptors. Excitation of the uranyl unit and 

subsequent capture of photoexcited electrons via viologen π* acceptors, as mentioned above, 

would constitute a formal electron charge-transfer mechanism between ion pairs. Ideally, for 

efficient electron transfer in this system, the π* acceptor orbitals should be energetically close to 

those of the U 5f which serves as the lowest excited triplet state for the *[UO2Cl4]
2- ion. To probe 

whether such conditions exist in these materials, we have mapped the band structure of 1-3 as well 

as [UO2Cl4]
2- and the calculated total and partial density of states of 1-3 are shown in Figure 10. 
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Figure 10: Total density of states of [UO2Cl4]

2- and 1-3 and partial density of states projected onto 

atomic orbitals of U, O and Cl atoms and molecular orbitals (π and π*) of viologen cations. The 

conduction band of [UO2Cl4]
2- (orange) is U 5f in character, in agreement with Denning, but 1-3 

each show that a viologen π* state (dark blue) has been introduced into the band structure. This 

new band is lower in energy than the U 5f orbital and may allow for population of viologen π* 

orbitals by electrons from the uranyl tetrachloride anion. The Fermi level is shown as a dashed 

black line.  

 

In the absence of viologen cations, the [UO2Cl4]
2- valance band is composed of the Cl p-states, 

whereas the conduction band is comprised of the empty U 5f atomic orbitals. This band structure 

is typical of uranyl containing compounds and has been documented previously.44 Introduction of 

viologen cations inserts π* molecular orbitals which, in terms of energy, lie below the U 5f. This 

orbital construct is consistent with isodensity renderings of the frontier orbitals (Figure 11), where 

the HOMO and HOMO-1 are dominantly Cl p in character with a minor O p contribution to the 

HOMO-1, while the LUMO and LUMO+1 are energetically degenerate π* orbitals that reside on 

the viologen cations. Such a band structure is ideal for formal electron transfer from the [UO2Cl4]
2- 
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anion to the viologen cations as population of the π* may act as the lowest possible triplet state. 

The π* energy decreases on the order of MV2+ > EV2+ > PV2+. The conduction band of 3 is of note 

as the filled π orbitals of PV2+ are higher than the Cl p-states of [UO2Cl4]
2- making the frontier 

orbitals strictly viologen in origin.  

 

Figure 11: Isodensity representations of frontier molecular orbitals (HOMO-1 to LUMO+1) 

calculated for 1. Orbital assignment provided above while energy levels are marked in red below. 

Note that the LUMO and LUMO+1 at 1.204 eV are degenerate. 

Calculated Electron Transitions. Time-dependent density functional theory calculations were 

carried out to ascertain the electronic transitions in 1-3 upon UV irradiation at the high energy 

(equatorial ligand) excitation band (345 for 1 or 325 nm for 2 and 3), and provide insight to the 

photochemical mechanism responsible for the loss of uranyl emission intensity. For compound 1, 

an energetically relevant singlet excited state is calculated at 359 nm with a strong oscillation value 

(f=0.0187). Isodensity representations of the dominant molecular orbitals involved in this excited 

state transition are shown in Figure 12. Renderings of all molecular orbital transitions for this 

exited state are included in the SI. The dominant TD-DFT transitions at 359 nm for the singlet 

state can be described as a rearrangement of electrons about the [UO2Cl4]
2- unit. Here, electrons 

originating from the HOMO/HOMO-2, which is a mixture of O p- and/or Cl p-states, are populated 

into empty U 5f atomic orbitals. As mentioned previously, this electronic behavior is typical of 

uranyl complexes, including uranyl tetrachloride.  
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Figure 12: TD-DFT isodensity representations of dominant molecular orbitals in 1 involved in 

electronic transitions for the singlet state at 359 nm. A total of 85% of the pathways are a O p / Cl 

p  U 5f transition in nature. 

Of interest is the TD-DFT analysis of the degenerate triplet states at 438 nm, which corresponds 

to the experimental excitation peak at 436 nm. Isodensity representations for orbital transitions at 

this energy are distinctly different from those of the previous singlet state. As shown in Figure 13, 

acceptor orbitals for the 438 triplet state are the LUMO+1 and LUMO+2 and are solely composed 

of the π* orbitals of the MV2+ cation. Importantly, this triplet state is lower in energy than that of 

the singlet state achieved via UV irradiation, and thus energetically accessible. The TD-DFT 

findings, while supporting the electron transfer between ion pairs, indicate two important points: 

(i) initial irradiation at 350 nm leads to a singlet O/Cl p  U 5f transition and (ii) this singlet state 

decays to a lower energy triplet state which resides on the MV2+, constituting an electron transfer 

from the excited state uranyl anion. TD-DFT analysis of compounds 2 and 3 provide nearly 

identical results, implying that this mechanism holds for all three uranyl viologen compounds. 

 
Figure 13: TD-DFT isodensity representations of molecular orbitals in 1 involved in electronic 

transitions for the triplet state at 438 nm. This pathway is a Cl p  U 5f transition. 
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Conclusion 

We describe the synthesis, characterization, and kinetic study of three novel uranyl-

viologen-bearing materials, featuring uranyl tetrachloride and various alkylated viologens. 

Luminescence measurements reveal excitation and emission signatures characteristic of uranyl 

containing materials. Most notably, emission intensity is reduced when irradiated with UV light, 

indicating the possibility of a photoinduced electron transfer between ion pairs. Despite the 

popularity of the viologen as an agent for charge transfer, this presents the first systematic study 

of such a process occurring with the viologen in the presence of a uranyl molecular unit. A 

mechanism describing formal electron transfer from the uranyl tetrachloride unit to the viologen 

is detailed and supported by various experimental and computational analyses. The photoinduced 

reaction observed follows a 2nd order rate law dependent on the viologen reduction potential and 

is consistent with known electron transfer mechanisms. Our hybrid experimental and 

computational approach clearly demonstrates the thermodynamic favorability and proper band 

structure and excitation pathways for the photoinduced oxidization of the [UO2Cl4]
2- and 

subsequent reduction of the viologen ions.  

To our knowledge, this is the first report of a photogenerated, solid-state, air stable uranyl 

tetrahalide radical. As such, our findings demonstrate a suitable methodology for the study of novel 

solid-state radical uranyl species with implications for f-orbital participation in bonding. Since this 

radicalization seems to persist over long periods of time, it provides the opportunity to investigate 

the effect this new activity has on the bonding and reactivity of these compounds. We may also 

investigate what role ligands play in the photoreactivity of solid-state uranyl materials considering 

the propensity of the uranyl ion to form several closely related anions (i.e. [UO2Br4]
2-, 

[UO2SCN5]
3-, etc.) as a platform for future study. Our findings have significant implications 

towards the study of uranyl chemistry writ large, including the use of the uranyl unit as a 

photocatalyst, and improving our fundamental understanding of the photochemical mechanisms 

afforded by its incorporation into new functional materials. Moreover, this may be a phenomenon 

that may possibly be repeated with other redox-active f-block elements which, in turn, may reveal 

novel information as to the bonding and reactivity of the transuranic elements. 
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