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Abstract

Bent uranyl complexes can be formed with chloride ligands and 1,10-phenanthroline

(phen) ligands bound to the equatorial and axial planes of the uranyl(VI) moiety, as

revealed by the crystal structures, IR and Raman spectroscopy and quantum chemi-

cal calculations. With the goal of probing the influence of chloride and phenanthro-

line coordination enforcing the bending on the absorption and emission spectra of

this complex, spin-orbit time-dependent density functional theory calculations for the

bare uranyl complexes as well as for the free UO2Cl2 subunit and the UO2Cl2(phen)2

complexe were performed. The emission spectra have been fully simulated by ab ini-

tio methods and compared to experimental photoluminescence spectra, recorded for

the first time for UO2Cl2(phen)2. Notably, the bending of uranyl in UO2Cl2 and
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UO2Cl2(phen)2 triggers excitations of the uranyl bending mode, yielding a denser lu-

minescence spectrum.

Introduction

The uranyl ion, UO2
2+, on account of its high chemical stability, is ubiquitous in uranium

chemistry. Up to a few years ago, the uranyl subunit had been characterized essentially as a

linear trans-oxo unit, with very few structures exhibiting Oyl –U–Oyl bond angles deviating

(by few degrees) from linearity.1,2 The underlying cause for the predominance of linear

Oyl –U–Oyl bonds in UO2
2+ is the notable participation of the U 5f and 6p orbitals in the

U–Oyl bond, while in the iso-electronic ThO2 molecule 6d and 5f orbitals hybridize and

favor a bent geometry.3,4 Hratchian et al. 5 and Schreckenbach et al. 6,7 however proposed

the existence of stable “cis-uranyl” structures in uranyl dihydroxides and tetracoordinated

[UO2X4]2– (X = F, Cl, and OH) complexes, with Oyl –U–Oyl bond angles as acute as 100◦.

In both linear and bent structures, the “yl” oxygen atoms carry negative charges making

them Lewis bases, with a basicity that increases pairwise with yl-bond weakening as stronger

Lewis basis are coordinated in the uranyl equatorial plane.8,9

There have been several attempts to synthesize bent actinyl complexes. A simple syn-

thetic route was proposed by Schöne et al. 10 , in which simply dropping 1,10- phenanthroline

(phen) into a uranyl chloride solution in acetone forms the UO2Cl2(phen)2 complex, in which

the uranyl group is strongly bent (161.8(1)◦), and consequently the equatorial plane is broken

up. Langer et al. 11 also showed that applying physical pressure on the uranyl-sulfate system

can result in a uranyl oxo-salt phase holding a considerably bent uranyl. In 2018, Hayton

catalogued the uranyl complexes that feature a Oyl –U–Oyl angle smaller than 172◦,2 to

which we must add the works by Carter et al. 12 and Carter et al. 13 .

In this work, the focus is on the impact of bending on the uranyl electronic structure.

Indeed the ligand induced weakening of uranyl internal bond is expected to impact the elec-
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tronic structures and optical properties of uranyl(VI) complexes. From the detailed work

of Zhang and Pitzer 14 on the theoretical side and Denning on the experimental side,15,16

the spectra of linear uranyl can be explained in terms of excitations from the “yl-bonding”

orbitals (σu, σg, πu, σg), to the uranium centered nonbonding 5fδ, and 5fϕ orbitals. Typi-

cally the spectrum between 20 000 and 32 500 cm−1 arises from two, parity conserving orbital

excitations, σu → 5fδ and σu → 5fϕ, superimposed with vibrational fine structures. While

these excited configurations (abbreviated as σuδ and σuϕ) only weakly depend on the na-

ture of the equatorial ligands, they do give rise to numerous excited states due to three

perturbations of similar magnitudes : the equatorial ligand field, spin-orbit coupling (SOC)

and electron correlation. The various relativistic correlated calculations on the bare uranyl

ion reported so far reveal the interplay between SOC and electron correlation, as both the

choice of the relativistic framework (four-component, two-component with SOC treated, or

two-step relativistic methods), and the treatment of electron correlation via wavefunction

theory (WFT) or density functional theory (DFT), may change the relative ordering of the

low-lying excited states. These parameters in the calculations also affect the spectroscopic

character the lowest state, responsible for the observed luminescence with a long lifetime;

it is found to be either a 1g state (arising from the 3∆g spin-free (SF) triplet state)14,17,18

or a 2g state (with a dominant 3Φg character),18–23 the difference between the various SOC

states being small (a few hundred wavenumbers if not less), highlighting how challenging the

electronic structure of actinide complexes is.24–26

Several theoretical studies investigated the characters of the low-lying excited states

of uranyl complexed with water,27,28 halides19,23,29–31 or acetone ligands,29 revealing that

ligand-field splitting induced by the equatorially bound ligands competes with SOC and

electron correlation. This work aims at pushing further the discussion of the impact of

structural changes on uranyl spectroscopic properties, by considering the effect of bending

the Oyl –U–Oyl unit, taking the structure of the uranylbis(1,10-phenanthroline) complex

shown in Figure 1, UO2Cl2(phen)2 originally synthesized by Schöne et al. 10 , which features
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Figure 1: Perspective view of the UO2Cl2(phen)2 bent uranyl complex. Color code: yellow
(U), red (O), light blue (N), black (C), white (H).
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a significantly distorted Oyl –U–Oyl angle (161.8(1)◦).

In this study, we use quantum chemical (QC) methods to easily explore different struc-

tural models for the system - bent–UO2
2+, UO2Cl2, UO2Cl2(phen) and UO2Cl2(phen)2 –

corresponding to a decomposition of the UO2Cl2(phen)2 complexes into subunits, and from

that assess the relative influence of individual ligand groups (chlorine and phenanthroline

groups) on the degree of bending and in the electronic spectrum, as well as to quantify the

ligand-field effects of the chlorines and the axially and equatorially bound phenanthroline

groups, and their importance to the nature of the low-lying excited states. The computa-

tional data are compared to experimental luminescence and vibrational spectroscopic data

collected on UO2Cl2(phen)2 that was synthesized by an alternative method to that previously

reported by Schöne et al. 10 .

Computational Details

The geometry optimizations of the UO2Cl2(phen)2 complex in its ground state (singlet state)

and its lowest excited triplet state were carried out with the Gaussian 16 software,32 in the

gas phase using density functional theory (DFT) with the PBE0 functional33,34 and the D3

dispersion correction with Becke damping to account for non-covalent interactions,35,36 which

turned out to be important to obtain interatomic uranyl-ligand bond distances matching the

experimental data within about 0.03 Å (see also Table S1). Note that all calculations (geome-

try optimizations and calculations of absorption and emission energies) were performed in the

gas-phase, with arguments detailed in 1 of the Supporting Information. In addition to that,

we performed optimizations on its subunits UO2Cl2, UO2Cl2(phen)ax, and UO2Cl2(phen)eq.

For all complexes, two configurations for the O-U-O bond angle were investigated: one in

which it was allowed to relax and another where it was constrained to be equal to 180◦.

In the latter cases, one imaginary vibrational mode corresponding to the bending of the

uranyl moiety always appeared confirming that the linear geometries are transition-state
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structures that relax to bent structures when the linearity constraint is lifted. The U atom

was described using a small core relativistic pseudopotential (60 core electrons)37 with the

corresponding segmented basis set including 3g polarization functions;38,39 all other atoms

were described with def2-TZVP basis sets.40 To determine the energy cost of bending we

also used the single-reference MP2 post-Hartree-Fock method to perform single-point calcu-

lations at the PBE0-D3 optimized geometries. Note that uranyl complexes are expected to

have marginal multireference character,21 and that MP2 is expected to yield more accurate

relative energies than any functional of the density (see Table S2 and discussions in refs

41–43). In these MP2 calculations the core orbitals were frozen, namely the 1s orbitals of

first row elements, the 1s, 2s, and 2p of chlorine atoms, and the 5s, 5p, and 5d pseudovalence

orbitals of uranium.

Uranium–ligand chemical bonds were analyzed through the topology of the electronic

density with the QTAIM theory44,45 as implemented in the AIMAll package.46 Natural pop-

ulation analysis and Wiberg bond order were computed with the NBO 7 program.47

To investigate how the bending of the uranyl moiety influences the energy position and

nature of low-lying excited states of UO2Cl2(phen)2, we chose a computationally affordable

yet reliable approach, namely using time-dependent DFT (TDDFT) combined with the

range-separated hybrid CAM-B3LYP functional,48 as it has proven to be more reliable than

other hybrid functionals for the absorption and emission energies of small to large uranyl(VI)

complexes,20,21,49–54 including simulations of core-energy levels.55 The ADF program56–58

was used for all TDDFT calculations with the full (non-ALDA) kernel, and the lowest 16

electronic states were computed. Calculations are performed in the gas phase for the linear

and bent uranyl complexes. Relativistic effects were included via either the scalar relativistic

(SR) or spin-orbit (SO) ZORA Hamiltonians.59–61 We employed basis sets of triple-ζ plus

polarization (TZ2P) quality for all atoms without freezing core orbitals.62

The theoretical vibronic progressions of the UO2Cl2, UO2Cl42– and UO2Cl2(phen)2 lu-

minescence were computed with the ezSpectrum 3.063 software. The Franck-Condon factors
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(FCFs) were obtained based on the structures and the full set of vibrational modes of the

ground and first low-lying excited state structures of complexes of interest following the

methodology deduced previously and reported elsewhere.51–53 The first low-lying excited

state structures were obtained using the TDDFT method as implemented in Gaussian 1632

using the same PBE0-D3 functional as for the ground-state description. The temperature

for the FCF calculations was set to repeat the experimental conditions, namely, 4 K for

UO2Cl2 64 and 80 K for UO2Cl42– and UO2Cl2(phen)2 complexes. For the simplicity of the

experimental luminescence spectra assignments, the second set of calculations was performed

at 4 K to minimize the contributions from the thermally active vibrational modes.

Experimental Details

CAUTION! 238U, is an α-emitting radionuclide. This material was handled in a radiological

facility under radiological controls All reactions were conducted under ambient atmospheric

conditions except where noted. All materials were used as received from commercial sources.

KBr was ground and dried for a minimum of 48 h at 120 ◦C. (Ph4P)2UO2Cl4·2MeCN, was

synthesized as described previously,65 and washed three times with 200 µL of H2O to remove

residual HCl.

Synthesis

In a 2 mL shell vial, 30.6 mg mg (0.026 mmol) of (Ph4P)2UO2Cl4· 2 MeCN was dissolved

in 750 µL of MeCN forming a yellow-green solution, to which was added 500 µL of MeCN

containing 31.0 mg (0.156 mmol, 6 equiv) of 1,10-phenanthroline·H2O without color change.

This solution was warmed in a water bath at 50 ◦C and allowed to cool slowly to room

temperature resulting in the deposition of yellow-green single crystals (9.8 mg, 54 % yield).

For isotopic exchange of the Oyl atoms to aid in spectral assignment of the vibrational

structure, 18O labeled water was used in the preparation of the (Ph4P)2UO2Cl4·2MeCN
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starting material. Prior to crystallization, the capped sample was irradiated under UV light

to facilitate uranyl-oxo ligand exchange with the 18O water. This salt was used in subsequent

synthesis of the labeled UO2Cl2(phen)2 complex. Cs2UO2Cl4 was prepared according to

literature methods.66

X-ray Crystallography

Single crystal X-ray diffraction data were collected using a Bruker APEX II diffractometer

and detector with a Quazar Microfocus source, MoKα radiation. Single crystals were affixed

to a fine glass capillary using a quick drying epoxy. Data were collected at 100 K using

an Oxford Cryosystems Cryostream 700 device. Data were corrected for absorption using

SADABS,67 structures were solved using SHELXS and refined with SHELXL.68 The crys-

tallographic data including the structure factors have been deposited with the Cambridge

Crystallographic Data Centre under accession code 2245382.

Spectroscopy

FT-IR spectra were collected on pressed pellets containing 1-5 wt% loading of the sample

diluted into dry KBr powder using a Nicolet 870 FT-IR spectrometer. Data were collected

as an average of 16 scans over 4000 - 400 cm−1 with a resolution of 2 cm−1. Raman data

were collected from randomly oriented single crystals using circularly polarized 785 nm laser

light on a Renishaw inVia Raman microscope system. The FT-IR and Raman spectra of the

complexes are presented in the Figure S1 and Figure S2).

Photoluminescence of the uranyl salts Cs2UO2Cl4 and UO2Cl2(phen)2 was collected using

the 442 nm (22 624 cm−1) excitation line of a He-Cd laser on the Renishaw inVia Raman

microscope. Emission was collected on randomly oriented single crystals using circularly

polarized radiation with a defocused and attenuated laser beam to prevent sample burning

and detector saturation. The emission wavelengths were recorded from 100 to 8000 cm−1

lower in frequency relative the excitation wavelength at 293 K and 80 K. Samples were
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mounted on custom tantalum crucibles to which a glass coverslip had been epoxied. The

temperature was thermostated using a Linkham 600 series sample stage with flowing liquid

nitrogen.

Results and Discussion

Synthesis and Crystallographic Structure

Prior reports of uranyl molecules whose O≡U≡O bond angle deviates significantly from

linearity are known in the literature.2,10,12,13 The synthesis reported here was conducted

independently exploiting the (Ph4P)2UO2Cl4·2MeCN salts and their solvates, reported pre-

viously,65 as starting materials in warm MeCN solutions under ambient conditions with an

excess of 1,10-phenanthroline. Prior synthetic reports employed alternate solvents, e.g. ace-

tone, hydrothermal aqueous methods and carboxylic acids in the presence of 1,10-phenanthroline

to arrive at bent actinyl geometries, thus highlighting the potential richness of the synthetic

phase space of these disorted -yl units.

Results of the X-ray crystallographic refinements shown in Table 1 demonstrate that

the UO2Cl2(phen)2 complex reported here is isostructural with that previously reported.

Table 1 also presents the experimentally measured bond distances and angles for the reported

complex.

Structure and Bonding in UO2Cl2(phen)2

The geometry optimization of the UO2Cl2(phen)2 molecule in the gas phase (DFT-PBE0-D3)

converges to a bent molecule (See Table 2), with U-Cl bond distances perfectly matching

the experimental values; the U-N bonds are slightly longer by 0.03 Å than in the crystal

structure. The O–––U–––O angle is computed to be as bent (162.7◦) as in the crystal (161.7◦).

This indicates that the significant bending of the O–––U–––O unit is not induced by the crystal

packing but rather by the first coordination sphere. Phenanthroline preferably binds UO2Cl2
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Table 1: Crystallographic parameters and experimentally measured bond lengths (Å) and
angles (deg) for UO2Cl2(phen)2 from the single crystal X-ray diffraction refinements.

Crystallographic Parameters
empirical formula C24H16Cl2N4O2U

formula weight (g mol−1) 701.34
crystal habit prismatic

color yellow
size (mm) 0.12 x 0.07 x 0.06

crystal system triclinic
space group P1

V (Å3) 1095.85(14)
a (Å) 8.5359(6)
b (Å) 9.4193(7)
c (Å) 14.5821(11)

α (deg) 79.9640(10)
β (deg) 89.7740(10)
γ (deg) 71.9100(10)

Z 2
T (K) 100

ρ (g cm−3) 2.125
µ (mm−1) 7.681

GoF 1.017
R1 0.0369

wR2 0.0583

Bond lengths (Å) and angles (deg)
U≡O O≡U≡O U-Cl U-N

1.773(3) 161.71(11) 2.6634(9) 2.647(3)
1.780(3) 2.6846(9) 2.668(3)

2.755(3)
2.767(3)
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Table 2: Symmetric (νs) and Asymmetric (νas) Vibrational Modes of the Uranyl Ions (in
cm−1), Bond Length (in Å) and Angles (in deg) for UO2Cl2(phen)2 and the Subunits UO2Cl2,
UO2Cl2(phen)ax, and UO2Cl2(phen)eq Optimized at the DFT-PBE0-D3 Level of Theory.
MP2 Electronic Energy Differences between the Linear and (More Stable) Bent Structures
(∆E, in kJ mol−1).

complex geometry νs νas U–––O O–––U–––O U–Cl U–Nax U–Neq ∆E

UO2Cl2 bent 949 1021 1.733 169.2 2.510(3) - - 0.0
lineara 959 1032 1.729 180.0 2.514 - - 8.7

UO2Cl2(phen)ax bent 898 966 1.751 153.1 2.649 2.718 - 0.0
lineara 936 1006 1.735 180.0 2.553 2.975 - 24.0

UO2Cl2(phen)eq bent 933 1003 1.741 173.5 2.602 - 2.584 0.0
lineara 936 1007 1.740 180.0 2.606 - 2.588 1.1

UO2Cl2(phen)2 crystal 820 890 1.778(3) 161.7 2.67(1) 2.759(5) 2.65(1)
bent 896 957 1.754 162.7 2.660 2.789 2.680 0.0
lineara 918 988 1.743 180.0 2.651 3.004 2.669 33.5

a O–––U–––O angle constrained to 180◦; one imaginary mode corresponding to the bending of
the uranyl moiety.

in the equatorial position (See binding energies in Table S3 of the SI). However the axial

phenanthroline group is the one that induces a significant bending. If the uranyl unit is forced

to be linear, the bond distances to the chlorides and the “equatorial” phenanthroline group

are unchanged, while the “axial” phenanthroline group that lie in the same plane as the yl-

oxygen is pushed away at distances of 3.02 Å. From Table S3 this severe geometrical change

corresponds to an energy gain of 33.5 kJ mol−1 in agreement with the value 29.8 kJ mol−1

reported by Schöne et al. 10

Interestingly the optimal geometries of all subunits UO2Cl2, UO2Cl2(phen)ax, and UO2Cl2(phen)eq

also lead to a bent uranyl. The largest distortion from linearity is found for UO2Cl2(phen)ax,

with an angle of 153.1◦, paired with a significant energy stabilization upon bending, 24.0 kJ mol−1,

almost as large as in the biphen complex. The computed symmetric and asymmetric vibra-

tional frequencies of UO2Cl2(phen)2 are larger than the experimental values, but the split

between the two 62 cm−1, agrees with the value of 70 cm−1 reported experimentally.

To investigate further the U–––Oyl chemical bond and its changes as it bends, we have
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applied the quantum theory of atoms-in-molecules (QTAIM), which probes the density at the

bond critical points (BCPs) between pairs of atoms that are bonded to one another. One can

classify the type of chemical bonding by the density properties at the BCP, namely, the value

of the density ρ, the sign of the Laplacian ∇2ρ and the energy density H, and the comparison

of the ratio between the potential energy density and the kinetic energy density at the BCP

(|V |/G) to 1, all of which are listed in Table S4, together with the delocalization index δ(U, L)

and the Wiberg bond order, both of which measure the U–L bond order. In the stable

UO2Cl2(phen)2 bent geometry, the BCP parameters of the interactions between uranium

and both the chlorides and the phenanthroline groups are very close to those reported by

Vallet et al. 8 for UO2F4
2– and UO2Cl42– complexes, thus corresponding to ionic interactions.

However for both equatorial bonds, the (|V |/G) ration is larger than 1. With this we can

qualify both U–N and U–Cl bonds as mostly ionic with some covalency, the latter being

somewhat more covalent than the former both from the |V |/G ratio values and the bond-

order values.

The U–––Oyl BCP characteristics ρ, ∇2ρ, and H, and the bond orders are slightly smaller

in the bent structures than in the linear ones, indicating a corresponding reduction of the

strength of the U–––Oyl upon bending in line with a bond lengthening of 0.01 Å. The natural

population analysis also points out that the population of the uranium 6d orbitals increases

while that of the 5f orbitals decreases in the bent structure compared to the linear molecule.

This is expected as 6d orbitals take a more prominent role in bonding for bent molecules such

as ThO2,3,69 and transition metal Mo(VI) and W(VI) oxides.70 We stress though that the

changes in the U–––Oyl bond upon bending are marginal, thus suggesting that the bending

is mostly induced by the electrostatic repulsion of both the chloride and phenanthroline

ligands.
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Table 3: SO-TDDFT/CAM-B3LYP Vertical Transition Energies (∆E, in cm−1) in Lin-
ear UO2

2+ and Bent UO2
2+ (Computed at the UO2Cl2(phen)2 PBE0-D3 Geometries)

and UO2Cl42– Computed at the Crystal Geometry along with Experimental Data for
Cs2UO2Cl4.15,16

linear UO2
2+ (r(U–Oyl)=1.754 Å) bent UO2

2+ (r(U–Oyl)=1.743 Å)
transitions ∆E transitions ∆E

σu → ϕ 14 097 σu → ϕ 13 500
σu → ϕ 15 447 σu → ϕ 14 801
σu → δ 17 007 σu → δ 16 572
σu → δ 18 892 σu → δ 18 451
σu → ϕ 20 738 σu → ϕ 20 117
σu → δ(78%) + ϕ(18%) 22 007 σu → δ(74%) + ϕ(21%) 21 541
σu → ϕ(80%) + δ(16%) 24 002 σu → ϕ(76%) + δ(19%) 23 212
πu → ϕ 27 645 πu → ϕ 26 480

UO2Cl42–

transitions ∆E ∆Eexp ∆∆E

σu(54%) + Cl(39%) → δ(82%) + ϕ(11%) 19 553 20 096 −543
σu(54%) + Cl(39%) → δ(84%) + ϕ(11%) 19 553 20 097 −544
σu(55%) + Cl(47%) → ϕ(69%) + δ(21%) 19 880 20 407 −527
σu(57%) + Cl(36%) → ϕ(60%) + δ(32%) 20 578 21 316 −738
σu(58%) + Cl(34%) → ϕ(72%) + δ(11%) 21 528 22 026 −498
σu(57%) + Cl(34%) → ϕ(72%) + δ(11%) 21 596 22 076 −480
σu(58%) + Cl(36%) → ϕ(45%) + δ(45%) 22 149 22 406 −257
σu(59%) + Cl(35%) → δ(54%) + ϕ(26%) 22 334 22 750 −416
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Nature of the Low-Lying Electronic States of UO2Cl2(phen)2

The low-lying excited states of uranyl complexes are dominated by excitations out of the

σu U–––O bonding orbital (label referring to the linear UO2
2+ unit in the scalar relativistic

framework) into the uranium centered nonbonding orbitals labeled ϕ, and δ. The lowest lying

luminescent state can either have a (σuδ) or (σuϕ) character, depending on how ligand-field

affects the orbitals involved in the excitation. In the cases of UO2F2,28 and [UO2Cl3]– 71

and the uranyl tetrahalides,31,72 the luminescent state has a (σuδ) character. To check

whether our choice of basis sets and DFT functional (CAM-B3LYP) reproduces that known

observation, we have computed the spectrum of UO2Cl42– using the crystal structure of

[PPh4]2UO2Cl4 · 2 MeCN.65 The assignment of the computed transition energies (See Table 3)

does agree with the fact that the luminescent state corresponds to an excitation to a δ

orbital, noting that the excitation involves in almost equal amounts the σu uranyl orbital

and the chloride 3p orbitals. It is also noteworthy the excellent agreement between the

computed transition energies and experimental data for UO2Cl42– as noted previously by

Gomes et al. 31 for the same system and by Tecmer et al. 50 and Oher et al. 51–53 for other

uranyl complexes. We shall here remark that the onset of valence excitation energies for

UO2
2+ appears several thousands wavenumbers lower than in UO2Cl42– . As noted earlier,

for UO2
2+, TDDFT (CAM-B3LYP), in comparison to wavefunction methods, places the first

excited states at lower energies than complete active space second-order perturbation theory

(CASPT2) and intermediate Hamiltonian Fock-space coupled cluster (IHFSCC) methods.21

The origin of these differences between the two methods has not been elucidated and calls

for further investigations for the bare uranyl itself and for the “small” UO2Cl2 molecule, as

it may induce a bias in the emission energy of the UO2Cl2, as discussed later.

Prior to discussing the nature of the low-lying electronic states in the system of interest,

UO2Cl2(phen)2, we wish to quantify in a systematic way the relative importance various

effects, such as 1) the bending of the uranyl subunit by comparing the spectrum of the

bare uranyl in a linear and bent conformations; 2) the ligand-field of the chloride ligands in
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Table 4: SO-TDDFT/CAM-B3LYP Vertical Transition Energies (in cm−1) and Oscillator
Strengths in the UO2Cl2, and UO2Cl2(phen)2 Molecules Computed at the PBE0-D3 Geome-
tries.

UO2Cl2
transitions ∆E f

σu(32%) + Cl(62%) → ϕ(87%) + δ(9%) 17 303 1.95×10−5

σu(31%) + Cl(63%) → ϕ(93%) + δ(3%) 17 466 8.70×10−5

σu(35%) + Cl(59%) → δ(77%) + ϕ(18%) 17 979 7.95×10−13

σu(33%) + Cl(58%) → δ(77%) + ϕ(18%) 17 990 8.12×10−6

σu(28%) + Cl(63%) → ϕ(62%) + δ(29%) 18 374 1.40×10−12

σu(29%) + Cl(64%) → ϕ(71%) + δ(19%) 18 475 8.11×10−7

σu(33%) + Cl(59%) → δ(69%) + ϕ(7%) 19 814 9.42×10−4

σu(30%) + Cl(63%) → δ(77%) + δ(2%) 20 159 1.26×10−6

UO2Cl2(phen)2

σu + Cl → ϕ/π∗
(phen)ax

(64%) + δ/π∗
(phen)ax

(10%) 19 338 1.02×10−4

σu + Cl → ϕ/π∗
(phen)ax

(81%) + δ/π∗
(phen)ax

(2%) 19 507 3.49×10−5

σu + Cl → ϕ/π∗
(phen)ax

(81%) + δ/π∗
(phen)ax

(2%) 19 601 0.0
σu + Cl → δ/π∗

(phen)ax
19 656 1.71×10−7

σu + Cl → ϕ/π∗
(phen)ax

(75%) + δ/π∗
(phen)ax

(5%) 20 516 0.0
σu + Cl → ϕ/π∗

(phen)ax
(75%) 20 666 3.73×10−5

σu + Cl → δ/π∗
(phen)ax

(52%) + ϕ/π∗
(phen)ax

(9%) 21 515 7.28×10−4

σu + Cl → δ/π∗
(phen)ax

(56%) + δ/π∗
(phen)eq

(6%) 21 983 1.70×10−6
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UO2Cl2, and that of the phenanthroline groups; and 3) the strength of spin-orbit coupling by

comparing two-component (SO) and scalar relativistic (SR) results. The ten lowest TDDFT

SO-excited states and their transitions, are listed in Table 3 and Table 4, while the corre-

sponding SR values, as well as the TDDFT results, are reported in Supporting Information

(Table S5, Table S6, Table S7). We note that a comparison of TDDFT and TDDFT/TDA

(Tamm-Dancoff Approximation) results has been suggested in the literature73 as a way to

differentiate local and charge-transfer excitations – discrepancies between the results of the

two calculations being the signature of charge-transfer excitations. We report differences up

to 600 cm−1 between TDDFT and TDDFT/TDA results for UO2Cl2 (See Table S8), thus

indicating that although the excited states involve both chloride 3p orbitals and the uranyl

σu, the charge-transfer per say is not significant, and is well captured by the range-separated

CAM-B3LYP functional.

Further evidence that contributions from charge-transfer should not play a significant role

for the low-lying spectrum of uranyl-containing complexes with chloride ligands is found in

the relatively small differences in excitation energies between calculations for the UO2Cl42–

molecule and for the UO2
2+ ion embedded into the potential of the four chlorides in the

equatorial plane,31 since in the latter transitions to or from the chloride ligands are absent

by construction. This embedding model can be considered as a rather flexible analogue to a

ligand field treatment, based entirely on DFT calculations and in which not only electrostatic

but electron correlation and orthogonalization effects are taken into account. We observe

a fairly systematic red shift of about 1000 cm−1, for the lowest 12 excited states of the

embedded UO2
2+ model. The differences in spacing between the different excited states are

somewhat larger for the three low-lying excited states, reaching about 600 cm−1, but fall

down to less than 100 cm−1 for higher-lying states.

In UO2Cl2(phen)2, the U–––O bond distances are longer by almost 0.1 Å than those opti-

mized for the bare uranyl ion in its electronic ground state,18 and very close to those in the

optimal geometry of the first-excited (luminescent) state.22 The transition energies reported
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in Table 3 are thus closer to emission energies for the bare uranyl species, and they cannot

be directly compared to the values reported in the literature.18,22

In the bare uranyl unit (Table 3), the first seven excited states arise from excitations

from the σu highest occupied molecular orbital (HOMO) into the nonbonding δ, ϕ manifold,

followed by transitions out of the πu orbitals. Bending stabilizes the transitions to the ϕ

spinors by 597 cm−1 at most, while the δ spinors are stabilized by about 435 cm−1. However,

bending the uranyl unit maintains the σuϕ character of the lowest luminescent state.

With the two coordinated chlorides, all transitions are shifted up by about 3000 cm−1

as compared to those of the bent UO2
2+ (see Table 3 and Table 4); still the lowest excited

states correspond to excitation to the ϕ nonbonding orbital as in the bare uranyl unit. In

UO2Cl2, the nature of accepting nonbonding orbitals in the first eight excited states resembles

that of the bare bent uranyl cation, but doubly occupied 3p orbitals of the coordinated

chlorines, that appear as the LUMO, contribute to the excitations up to about 60 % and

mix with contributions from the doubly occupied σu orbital that lies below the chloride

3p manifold. Note that because of limitations in the active space size, the preceding SO-

CASPT2 calculations by Su et al. 22 did not include the chloride 3p orbitals, thus making it

impossible to see any such contributions to the transitions.

The binding of the phenanthroline groups shifts all transition energies further up, so that

these now start at 19 338 cm−1, in line with the experimentally recorded spectrum. It is

noteworthy that two lowest states with ϕ character are only separated by about 318 cm−1

from the next two states with δ character. The molecular orbitals participating in the four

lowest excited states are shown in Figure 2, revealing that the orbital out of which the

electrons are excited from is centered on the UO2Cl2 subunit involving a mixture of chloride

3p orbitals and the uranyl σu. For the lowest two excited states, the accepting orbital has a

uranium 5fϕ character. In the third and fourth states, the accepting spinor has a dominant

5fδ character. Moving up in energy, a spinor with π∗ of the axial phenanthroline group mixes

in. In that sense, the low-lying excitations remain strongly localized on the UO2Cl2 subunit,
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with a character that resembles [σu + Cl(3 p) → U(f)] but there are now non-negligible

contributions from spinors/orbitals located over the axial phenanthroline group.

(a) (b) (c)

Figure 2: Molecular spinors: (a) occupied orbital from which the electron is excited; (b)
empty orbital accepting the electron in the first three excited states; c) empty orbital ac-
cepting the electron in the fourth excited state. Isosurface values are ±0.03 au.

Ligand-Field Effects and Spin-Orbit Coupling

As discussed by Su et al. 22 the nature of the luminescent state is determined by the com-

petition between SO-coupling, which stabilizes more the ϕ orbitals than the δ ones, and the

ligand-field splitting, which may destabilize the ϕ and δ orbitals depending on the ligands.

It is possible to quantify these two effects: the ligand-field splitting can be measured by the

difference of the SR transition energies for states with ϕ/δ characters in a molecular complex

with respect to the corresponding ones in the bare uranyl species; the spin-orbit stabilization

is simply computed as the difference between the lowest state with a dominant ϕ/δ and its

SR triplet counterpart.

As revealed by the values of Table 5, in the bare linear and bent uranyl the ϕ SR states lie

about 1433 and 1743 cm−1 below the δ states, in the linear and bent moieties, respectively. As

its SO stabilization is larger (about −3580 and −3483 cm−1) than that of the δ state (about

−2153 and −2103 cm−1), the lowest SO excited state has a ϕx‘ character. In UO2Cl42– ,

the state ordering is different, as the four chlorides destabilize the ϕ SR states far more,

7403 cm−1, than the δ states, 2875 cm−1. This strong destabilization of the ϕ SR states is

not compensated by the larger SO energetic stabilization. As a result, the first excited state
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Table 5: Energy Gaps (ESR(δ)) − ESR(ϕ)) between the Triplet SR states Dominated by
Excitations into the δ and ϕ Orbitals (Positive Values Mean That the δ State is above the
ϕ State); Ligand-Field Splittings of the SR States Dominated by Excitations into the δ
and ϕ Orbitals (ELF(δ/ϕ)); and Spin-Orbit Stabilizations of the SR States Dominated by
Excitations into the δ and ϕ Orbitals (∆ESO(δ/ϕ)) (All Values in cm−1 and Computed in
the Gas Phase)

Compound ESR(δ) − ESR(ϕ) ∆ELF(ϕ) ∆ELF(δ) ∆ESO(ϕ) ∆ESO(δ)
linear UO2

2+ 1433 −3580 −2103
bent UO2

2+ 1743 −3483 −2153
[UO2Cl4]2– −3095 7403 2875 −5199 −2432
UO2Cl2 −1053 3547 1060 −3920 −2190
UO2Cl2(phen)2 −1657 5959 2869 −4297 −2377

has a δ character and involves excitations out of both the σu uranyl orbital and the chloride

3p orbitals. In UO2Cl2 and UO2Cl2(phen)2, the ligand-field effect is not as strong as in

the tetrachlorouranyl complex; the chloride and phenanthroline groups destabilize the ϕ SR

states far more than the δ states (3547 versus 1060 cm−1 in UO2Cl2, and 5959 cm−1 versus

2869 cm−1 in UO2Cl2(phen)2). The SO stabilization effects are almost the same as in the

bare unit, that is about 1920 cm−1 larger for the ϕ states than the δ states, thus placing the

SO states with a δ character a few cm−1 higher than the ϕ ones.

The excellent agreement between the computed and experimental vertical absorption

energies for UO2Cl42– (see Table 3) demonstrates that the energy spacing within the excited

state manifold is accurately captured by CAM-B3LYP. Taken together with the results for

the embedded model31 for UO2
2+ mentioned above, these results make us confident about

the ability of CAM-B3LYP to accurately capture the effects ligand-field and SO splittings

on the low-lying valence states of uranyl complexes.

Emission Spectra of UO2Cl2 and UO2Cl2(phen)2

Luminescence spectroscopy is one of the experimental techniques that can probe chemical

interactions of U(VI) with the equatorial ligands of a complex. Uranium (VI) complexes

display specific luminescence features with characteristic band shapes that mostly depend
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on the chemical composition of the closest environment of uranyl unit. The luminescence

spectrum of UO2Cl2 has been recorded previously at 4 K in Ar matrix conditions and reported

by Jin et al. 64(Figure 3(a)). In our study the UO2Cl2(phen)2 luminescence spectra are

obtained at 80 and 298 K as it is shown on Figure 3(b). Both compounds exhibit the same

type of progression with the difference in spectral lines resolution that mostly depends on

the contributions from the thermally active bands induced by the temperature effects.74

Figure 3: Normalized experimental luminescence spectra of (a) UO2Cl2 at 4 K and (b)
UO2Cl2(phen)2 spectra recorded at 80 and 293 K after 442 nm excitation. The spectrum in
(a) was reconstructed from ref 64. Copyright 2009 American Chemical Society.

Experimentally, the luminescence of uranium(VI) complexes originates at 20 343 cm−1 for

UO2Cl2 and 19 135 cm−1 in the case of UO2Cl2(phen)2. Such a shift is observed because of

the changes in the overall basicity of the complex. At a low-temperature Ar as the Lewis base

can bind to uranium,22 but the presence of a lone pair of electrons of nitrogen of phenan-

throline ligands makes it more basic as compared to Ar, which causes a luminescence origin

shift to lower wavenumbers. For instance, in UO2Cl42– the nature of equatorial ligands is the

same as in UO2Cl2 and its experimental luminescence origin corresponds to 20 096 cm−1 75

and matches well with the value obtained for UO2Cl2. In general, the luminescence spectrum

of uranium(VI) complexes results from the electronic transitions from the low-lying excited

states to the ground state coupled to vibronic progression. Whereas the overall nature of
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uranium(VI) luminescence is still a topic for discussion since it might consist of radiative

and nonradiative processes, the direct comparison between theoretical and experimental elec-

tronic transition energies is misleading. Yet here we could discuss the nature of the radiative

part of UO2Cl2 and UO2Cl2(phen)2 luminescence deduced from theoretical calculations of

emission energies and vibronic progressions.

Theoretical vertical emission energies were obtained from the σuϕ lowest excited state

structures of UO2Cl2 and UO2Cl2(phen)2 complexes and are reported in Table 6. While

for the large UO2Cl2(phen)2 complex, the computed and experimental data, 18 464 and

19 135 cm−1, respectively, closely match, for UO2Cl2, the computed emission energy comes

out 3814 cm−1 too low compared to experiment. Note that Su et al. 22 reported emission ener-

gies of 18 509 cm−1 and 18 797 cm−1 at the SO-CASPT2 and SO-CCSD(T) levels for UO2Cl2,

respectively, also too low as compared to the experimental value of 20 323 cm−1. To check

whether this discrepancy arises from the argon matrix, we also performed TDDFT/CAM-

B3LYP calculations on UO2Cl2Ar2 used as a model for UO2Cl2 immersed in an argon ma-

trix. Their SO-CCSD(T) calculations (Table 8 of ref 22) and our TDDFT/CAM-B3LYP ones

(see Table S8) both show that argon insignificantly modifies the transition energy. Therefore,

we suspect that this inaccuracy for UO2Cl2 might be correlated with the underestimation

observed for the bare uranyl molecule discussed earlier and requires a detailed investigation

on its own.

For deep analysis, the vibronic progressions of the UO2Cl2 and UO2Cl2(phen)2 complexes

out of the first excited state to the ground state were computed using their structures, as well

as associated harmonic frequency spectra together with Hessian matrices. The main vibronic

progression of uranium(VI) compounds is usually formed by the major contribution from the

ground state symmetric stretching mode of the uranyl unit coupling with minor contributions

from other vibrational modes that depend on the complex structure and composition mainly.

Here we are aiming at providing the assignment of visible spectral bands that were observed

in the emission spectra. In Figure 4, red curves correspond to experimental spectra of
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Table 6: SO-TDDFT Emission Energies (in cm−1) and Oscillator Strengths of UO2Cl2 and
UO2Cl2(phen)2 Computed at the PBE0-D3 Geometries in the Gas Phase.

UO2Cl2
transitions ∆E f

σu(37%) + Cl(45%) → ϕ 16 529 1.55×10−5

σu(37%) + Cl(45%) → ϕ 16 678 7.84×10−5

σu(37%) + Cl(45%) → δ(50%) + ϕ(40%) 17 301 2.00×10−12

σu(37%) + Cl(45%) → δ(56%) + ϕ(33%) 17 330 4.61×10−6

σu(37%) + Cl(45%) → ϕ(49%) + δ(41%) 17 659 1.32×10−11

σu(37%) + Cl(45%) → ϕ(54%) + δ(35%) 17 733 1.64×10−6

σu(37%) + Cl(45%) → δ(82%) + ϕ(6%) 19 147 9.29×10−4

σu(37%) + Cl(45%) → δ 19 529 3.79×10−6

UO2Cl2(phen)2

transitions ∆E f

σu + Cl → ϕ(57%) + δ/π∗
(phen)ax

(14%) 18 464 1.23×10−4

σu + Cl → ϕ(62%) + δ/π∗
(phen)eq

(20%) 18 629 3.33×10−5

σu + Cl → δ/π∗
(phen)ax

(58%) + ϕ(3%) 18 919 7.71×10−9

σu + Cl → δ/π∗
(phen)ax

(58%) 18 982 8.00×10−7

σu + Cl → ϕ(79%) + δ/π∗
(phen)eq

(27%) 19 676 1.07×10−9

σu + Cl → ϕ(62%) + δ/π∗
(phen)eq

(15%) 19 766 3.94×10−5

σu + Cl → δ/π∗
(phen)eq

(30%) + δ/π∗
(phen)eq

(16%) 20 738 8.62×10−4

σu + Cl → δ/π∗
(phen)ax

21 434 1.63×10−4
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UO2Cl2 in Ar matrix at 4 K (top panel), Cs2UO2Cl4 crystal at 80 K (middle panel) and

UO2Cl2(phen)2 at 80 K (bottom panel) while black vertical lines are corresponding theoretical

vibronic progressions. For illustration purposes and clarity of comparison, both types of

spectra were normalized by the maximum intensity value and theoretical ones were shifted

to match the experimental luminescence origin. Figure 4 highlights the good agreement

between the experimental and theoretical spectra since the band spacings of the computed

vertical lines match nicely the experimental envelope.

The complete assignment of all obtained bands is provided in Table S10 and Table S11.

Here we discuss only significant differences between UO2Cl2, UO2Cl42– and UO2Cl2(phen)2

vibronic contributions. The first observed transition for all three compounds is computed

to be 0’(0)→1(0) and corresponds to a 0 vibrational transition from the excited state to

the ground state. The structure and symmetry of ligands in UO2Cl2 and UO2Cl2(phen)2

complexes enable the uranyl bending mode to become vibronically excited and appear on

the spectrum in the range of 219 to 281 cm−1. Note that it is not the case for the UO2Cl42–

complex because in this energy region the Cl–U–Cl symmetric stretching mode contribution

is observed. The analysis of other computed bands showed no other significant contributions

than the uranyl symmetric stretching mode, which means that the coupling scheme re-

mains the same for all uranium(VI) complexes discussed in this study. Here the ground

state symmetric stretching mode is computed to be placed at 949, 894 and 895 cm−1 after

the 0’(0)→1(0) transition for UO2Cl2, UO2Cl42– and UO2Cl2(phen)2 respectively, which is

slightly overestimated compared to the averaged experimental band spacing of 840, 817 and

794 cm−1, respectively. Since theoretical band spacing is somewhat red-shifted one should

note that anharmonicity corrections are not accounted for causing even bigger band shifts.

It is worth mentioning the broadening of the experimental spectra. Despite the fact that

the spectra were obtained at different low temperatures (4 and 80 K), as mentioned earlier,

thermally active transitions do occur, but have been reduced to a minimum as much as pos-

sible. Their extent cannot be predicted, and thus, we eliminate direct comparison of UO2Cl2
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Figure 4: Comparison of theoretical and experimental luminescence spectra of (a) UO2Cl2,
(b) Cs2UO2Cl4, and (c) UO2Cl2(phen)2 complexes. The origins of the theoretical spectra
are shifted by (a) 3814, (b) 172, and (c) 671 cm−1 to match the experimental peaks. The
spectrum in (a) was reconstructed from ref 64. Copyright 2009 American Chemical Society.
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broadening with UO2Cl42– and UO2Cl2(phen)2 ones. Nevertheless, we observe that in the

spectra obtained at a temperature of 80 K, the width of the bands is not consistent. From

the point of view of radioactive processes, if we refer to Figure 4 as well as to the assignment

provided in Table S10, it can be seen visually that the number of bands in the 50 to 400 cm−1

region after the 0’(0)→1(0) transition is much larger in the case of UO2Cl2(phen)2 than in

UO2Cl42– . This phenomenon could be explained by the uranyl bending mode coupling with

the ligand motions that are induced by the uranyl bent structure.

Conclusions

We have synthesized the bent UO2Cl2(phen)2, confirming the structure reported by Schöne

et al. 10 . The QC calculations provide a rationale for the geometry of UO2Cl2(phen)2. They

demonstrate that the axial phenanthroline group largely contributes to making the bent

actinyl structure energetically stable. QTAIM and NBO analysis, however, indicate the

the nature of the U–Oyl bond does not change upon bending, a fact that could be further

investigated via quantum entanglement methods, as done by Leszczyk et al. 76 . In this study,

we investigated the influence of the bending of the uranyl moiety and of the coordinated

chloride and phenanthroline ligands with the help of spin-orbit coupled TDDFT calculations

to determine the nature of the low-lying excited states of bare uranyl complexes versus those

of uranyl tetrachloride, uranyl dichloride and UO2Cl2(phen). While in uranyl tetrachloride,

the lowest electronic state causing luminescent emission has a predominant 5fδ character, the

emitting state of all three complexes uranyl, UO2Cl2 and UO2Cl2(phen)2 has a 5fϕ character.

The two chloride and phenanthroline ligands cause a larger destabilization of the ϕ states

than of the δ states but at the same time a smaller SO splitting of the former than the

latter. As a result, the energy gap between the lowest ϕ and δ SO states is as small as about

300 cm−1, as opposed to 3000 cm−1 in bare uranyl complexes.

Using SO-TDDFT/CAM-B3LYP calculations coupled with vibronic coupling simulations
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allows computation of the vibrational progressions of the emission spectra, for a direct com-

parison with the experimental spectra available for UO2Cl2 (though in an argon matrix)

and Cs2UO2Cl4, and to the luminescence spectrum of UO2Cl2(phen)2 measured for the first

time at 80 K. Despite the need of shifting the origin of the computed spectrum with re-

spect to the experimental one, the spacing between the computed vibronic bands matches

the experimental spectra envelopes. The presence of a bent uranyl moiety in UO2Cl2 and

UO2Cl2(phen)2 complexes triggers vibronic excitations of the uranyl bending motion pre-

dominantly in the range of 219 to 281 cm−1, broadening significantly the spectrum around

the dominant progression that corresponds to the uranyl symmetric stretching mode. This

broadening is a signature of the bending of uranyl, but it might also arise from motions of

equatorial ligands, such as bromide in UO2Br4
2– . In practice, QC simulations have reached

a reliable level of accuracy making them a first-choice methodology to discuss and assign

emission spectra of uranyl complexes.
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TOC Graphic

The luminescence spectrum of a bent uranyl
complex with chloride ligands and 1,10-
phenanthroline ligands has been experimentally
recorded for the first time, and also success-
fully computed by vibrationally resolved ab ini-
tio calculations. Notably, we demonstrate that
the bending of uranyl in UO2Cl2(phen)2 and in
the UO2Cl2 complex triggers vibronically induced
excitations of the uranyl bending mode, yielding
denser luminescence spectra than in linear uranyl
complexes.
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