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ABSTRACT: We investigate the electronic structure of three
newly synthesized nitrogen-donor uranyl complexes [(UO,)-
(Hybbp)CL], [(UO),(Hbbp) (Py)CI], and [(UO,)(bbp) (By)s]
using a combination of near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy experiments and simulations. The
complexes studied feature derivatives of the tunable tridentate
N-donor ligand 2,6-bis(2-benzimidazyl)pyridine (bbp) and
exhibit discrete chemical differences in uranyl coordination.
The sensitivity of the N K-edge X-ray absorption spectrum to
local bonding and charge transfer is exploited to systematically
investigate the evolution of structural as well as electronic
properties across the three complexes. A thorough interpretation
of the measured experimental spectra is achieved via ab initio
NEXAFS simulations based on the eXcited electron and Core-Hole (XCH) approach and enables the assignment of spectral
features to electronic transitions on specific absorbing sites. We find that ligand—uranyl bonding leads to a signature blue shift in
the N K-edge absorption onset, resulting from charge displacement toward the uranyl, while changes in the equatorial
coordination shell of the uranyl lead to more subtle modulations in the spectral features. Theoretical simulations show that the
flexible local chemistry at the nonbinding imidazole-N sites of the bbp ligand is also reflected in the NEXAFS spectra and
highlights potential synthesis strategies to improve selectivity. In particular, we find that interactions of the bbp ligand with
solvent molecules can lead to changes in ligand—uranyl binding geometry while also modulating the K-edge absorption. Our
results suggest that NEXAFS spectroscopy combined with first-principles interpretation can offer insights into the coordination
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chemistry of analogous functionalized conjugated ligands.

1. INTRODUCTION

Over the last two decades, the richness of uranium coordination
chemistry has been actively explored leading to the synthesis
and characterization of a large diversity of compounds
exhibiting novel structural, physical, and catalytic properties.'
The uranyl {UO,}*" cation in particular has received a great
deal of attention both from experimental and theoretical groups
as new aspects of its chemistry continue to be discovered.”’
Recent years have witnessed several advances in uranyl(VI)
anhydrous chemistry with polarizable donor atoms (such as
nitrogen and sulfur) and weakly coordinating ligands being
employed*™ as opposed to hard donor (i.e., oxygen) systems
traditionally studied in aqueous conditions. {UQ,}** exhibits
quite versatile chemistry in soft donor systems with multi-
dentate ligands adopting strained coordination geometries
about the uranyl to satisfy the equatorial coordination sphere.*®
Furthermore, investigations into bonding and covalency in
{O=U=0}*" molecular complexes’'® have been enhancing
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the understanding of the structural, electronic, and chemical
aspects of this moeity.

In this context, three new N-donor uranyl complexes
featuring the tridentate N-donor ligand 2,6-bis(2-
benzimidazyl)pyridine (H,bbp), namely, [UO,(H,bbp)CL]
(1), [UO(Hbbp)(Py)CI] (2), and [UO,(bbp)(Py),] (3)
have recently been synthesized, and their structural character-
istics have been determined.'” H,bbp is a versatile N-donor
ligand, which has previously been studied as a sensitizer for
lanthanide luminescence as well as a low-valent actinide
sequestering agent.'® > It presents one pyridine-like and two
imidazole-like N binding sites (see Figure 1) in a largely #-
conjugated structure that can readily polarize to accommodate
functional group attachment. We refer to the organic
framework common to H,bbp and its deprotonated derivatives
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Figure 1. Schematic of the tridentate N donor ligand 2,6-bis(2-
benzimidazyl)pyridine (bbp). M indicates the metal binding site.

as bbp, bbp™~, or bbp®~ explicitly indicating that the charge state
of the ligand is pertinent. The chemistry of H,bbp is sufficiently
flexible to produce complexes with different chemical groups
bonded to the uranyl moeity in the equatorial coordination
plane perpendicular to the uranyl axis. In complexes 1—3, the
bbp ligand character changes from neutral (bbp) to harder
mono- (bbp~) and di- (bbp®~) deprotonated species, and the
hard-donor CI™ groups in 1 to dative and more basic pyridine
groups in 3. Exploring the evolution of the structural and
electronic properties of the uranyl—bbp system as a function of
changing ligand character is a worthwhile approach to improve
the understanding of N-donor uranyl coordination chemistry.

In-depth experimental characterization of the electronic
structure of actinide complexes is facilitated by element-specific
and bulk-sensitive X-ray absorption spectroscopy (XAS)
techniques such as Near Edge X-ray Absorption Fine Structure
(NEXAFS).** 7% In XAS, X-ray photons are absorbed by core
electrons of an atom within a molecule or crystal, which
promotes the electrons to higher-lying unoccupied orbitals
forming short-lived excited states. The onset of excitations from
the core—shells of an atom gives rise to an element-specific
absorption edge such as the K-edge for 1s excitations. NEXAFS
refers to the fine details in the absorption spectrum in the
vicinity of such an edge and effectively probes the low-energy
excited states of a system yielding valuable information about
local structure, symmetry, and oxidation state as well as
bonding characteristics. The Scanning Transmission X-ray
Microscope (STXM), which utilizes soft X-ray synchrotron
radiation (less than ~5000 eV) to probe light element K (1s)
and actinide Nyy/y (4ds/,5/,) edges by NEXAFS, is particularly
useful for studying actinide-based systems in which air-
sensitivity and small sample size issues must be considered.””
The interpretation of measured NEXAFS spectra is, however,
not straightforward, and theoretical methods are often
indispensible to explain the various spectral features. A number
of theoretical methods have been developed over the past
decade to reproduce and explain experimental core-level
spectra, and in particular, the availability of modern first-
principles techniques®®*®*™®' has enabled the quantitative
interpretation of NEXAFS data.

Light element K-edges in uranyl complexes are sensitive to
the bonding environment and can be probed by XAS to gain
insight into uranyl-ligand covalent interactions.'"'*3*33
Furthermore, the high resolution offered by soft X-ray sources
makes the study of light element K-edges more useful
compared to higher energy Ny, edges of the actinide ions
themselves, which suffer from intrinsic broadening. In
particular, investigating the electronic structre of N-donor
uranyl complexes using N K-edge NEXAFS is very promising
but has not been undertaken thus far. The polarizable character
of N in bbp provides a larger variability in the spectra compared

to hard donors such as oxygen. Within complexes such as 1-3,
modulation of the electronic structure on the different N sites
spanning the bbp framework, as a result of tuning the ligand
chemistry around the uranyl, can in principle be effectively
probed via K-edge core-level spectroscopy. Toward this end, we
combine experimental X-ray absorption measurements and
first-principles theoretical simulations of the N K-edge
NEXAFS spectra of complexes 1—3. This enables a thorough
interpretation of the spectral features in terms of the underlying
electronic structure and uranyl-bbp bonding characteristics.
The U Ny spectra from the complexes being investigated
have been published previously."”

2. EXPERIMENTAL DETAILS

The key to realizing complexes 1—3 is the synthesis of suitable
precursors with distinct chemical differences that can complex with
{UO,}**. To this end, the free base derivative H,bbp and
corresponding deprotonated mono- and disodium substituted salts
were synthesized and subsequently reacted with UO,CL,(THF); to
yield com}flexes 1-3. Complete details of the synthesis are reported
elsewhere."”” STXM data were obtained at the Advanced Light Source
(ALS), Molecular-Environmental Sciences (MES) beamline 11.0.2 at
Lawrence Berkeley National Laboratory. Beamline 11.0.2 utilizes a
STXM for NEXAFS at the light element thresholds and at the actinide
Npyyv (4ds/55/,) core level edges. The MES STXM can image and
collect NEXAFS from particles with spatial resolution better than 25
nm in the range from 110 to 2100 eV. The STXM is downstream of an
elliptical polarization undulator (EPU) and a variable angle-included
plane grating monochromator that is used routinely to collect K-edge
NEXAFS data from low Z atoms. STXM measurements were collected
from minute quantities of powdered solids of the uranyl complexes
sealed between two SisN, windows in a STXM holder, with care being
taken to avoid atmospheric exposure.'”>” The N spectra were taken
with horizontal EPU polarization and calibrated to the absorption line
of the 1s — #* transition (401.1 eV) in N,. No polarization
dependence was found in the measured spectra. All reported spectra
are normalized to the incoming flux with backgrounds subtracted and
subsequently smoothed using a three- or five-point method.

3. COMPUTATIONAL METHODOLOGY

A quantitative theoretical description of the spectroscopic properties
of bbp—uranyl complexes poses several challenges because of the large
system sizes that need to be considerd and the highly inhomogeneous
nature of the electron density in these complexes. While accurate
multiconfigurational wave function methods have been employed to
study small actinide systems,>*>> large molecular crystals such as the
ones that are the subject of this study are only accessible within a
density functional theory*®*” (DFT)-based approach. In this context,
the localized nature of Sf electrons and the possibility of strong
electron correlation effects needs to be taken into account even though
the Sf shell of U(VI) in the uranyl cation is nominally empty. In
contrast, the delocalized virtual molecular orbitals, which we observe
to span the entire bbp unit in the ground state (GS) are significantly
altered in the presence of a core hole, and so, a description of the
NEXAFS spectrum in terms of excitations to virtual GS orbitals is not
useful. Furthermore, relative core excitation energies between
chemically different binding N sites on the ligands need to be
modeled accurately to capture correctly the contribution of each to the
measured composite spectrum. With this in mind, we carry out our
theoretical studies using the so-called eXcited electron and Core-Hole
(XCH) approach®', which is quickly becoming a robust methodology
for NEXAFS simulations based on constrained-occupancy DFT. We
calculate the X-ray absorption cross section to first order using Fermi’s
golden rule

o() = 4r’aho Z IM,_ *6(E; — E, — ho)
f
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(a) H,BBP

(b) UO,(H,BBP)CI,

(c) NaHBBP

(d) UO,(HBBP)(NC,H,)CI

(f) UO,(BBP)(NC,H,),

Figure 2. Ball-and-stick representations of the structures of uranyl complexes and their corresponding precursors. Nitrogen sites in the complexes are
labeled for clarity. The color code is as follows: O (red), Cl (green), C (brown), U (blue, large), Na (pink), H (white).

The transition amplitudes between initial and final states M;_; are
evaluated using the dipole approximation within a single-particle
picture

M = <WJE-RI¥ > ~S < yle-Fly>

where € is the polarization direction of the photon electric field and

R, 7 are the many and single-particle position operators, respectively.
The single-particle approximations of the many-electron matrix
elements are accurate up to a factor S < 1 approximated as constant
for all transitions.>®

The framework for our calculations is set by pseudopotential-based
Kohn—Sham DFT>%% employing planewave basis sets and periodic
boundary conditions. For X-ray core-hole excitations at light element
K-edges the initial state ly;) is fixed to the Ls atomic eigenstate of the
respective element. The XCH approach®" is employed to approximate
the electronic final state lyg) within the Fermi golden rule expression
as follows: The core-level excited state of the molecule is approximated
by replacing the pseudopotential of the core-excited atom with one
that explicitly includes a core excitation. We also include the important
screening presence of the excited electron. We then generate a self-
consistent set of Kohn—Sham valence states in the presence of both
the core hole and the excited electron. The resulting constrained DFT
solution approximates the lowest energy state of the system including a
core-excited state of the perturbed atom. The higher excited states are
further approximated by using the unoccupied Kohn—Sham spectrum
of this XCH self-consistent field. The energy scale of the spectra in
XCH calculations needs to be shifted in a systematic way to be
compared to experiment.**** For a given chemical system X in which
an atom of element A is excited, the energy scale is shifted as follows

E— E — gnl + AEY + A, [A]

expt

where eX;) is the value of (N+1) or lowest unoccupied molecular

orbital (LUMO) eigenvalue of the core-excited system. Note that in a
spin-upolarized molecular system, this state is half-occupied. In a
condensed-phase calculation, eXsr is given appropriately by an
estimate of the partially occupied conduction band minimum. AE}
is the relative excitation energy of X with respect to an isolated atom of
A given by total energy differences as

Ay = [E*"(X) - E¥(0] - [E*(a) - E¥(A)]

with EX*H and E%® denoting the total energies in the core-excited and
groundstate configurations, respectively, for a given system X or A.
The final shift with respect to experiment A, [A] is calculated once
for a given reference system and remains the same for all systems in
which an atom of element A is excited.

The XCH method can be combined seamlessly with DET+U*"* to
approximate strong correlation effects. In particular, we employ the
self-consistent DFT+U*>* approach wherein the Hubbard U
parameter is determined self-consistently from linear response:

U= 10—1 4t
where
dn,
Ay = d_a]

is the response coefficient obtained from applying an arbitrary shift a;
to the potential on the atomic site ] that results in a change of the
occupation n; on site I y, is the corresponding nonselfconsistent
analog.

Ground-state DFT calculations in this work were carried out using
the VASP*™ and Quantum-Espresso* packages. The Perdew, Burke,
and Ernzerhof (PBE)* form of the generalized gradient approx-
imation to the exchange correlation functional was used throughout.
All structural optimization runs were performed at the PBE level, using
the VASP package, which employs projector augmented wave (PAW)
pseudopotentials*’ in conjunction with a planewave basis set. A
planewave cutoff of 300 eV and pseudopotentials with the following
valence electronic configurations were employed: U(6s*6p°6d'5f*7s?),
0(2522p4), C(2522p2), N(2522p3), CI(3SZ3PS), H(1s"). Structures were
optimized until all the forces were less than 0.04 eV/A. Within
Quantum Espresso, ultrasoft pseudopotentials with the same valence
electron configuration as before and a planewave cutoff of 40 Ry were
used. NEXAFS simulations were performed on primitive cells of
molecular crystals of complexes 1—3 containing two to four molecular
units. Because of the large unit cell sizes of the molecular crystals, for
all the systems considered, we approximated Brillouin zone integration
by sampling only the zone center (i.e., the I" point), while necessarily
numerically converging the integration for NEXAFS spectra using
Shirley interpolation.*® A uniform numerical broadening of 0.2 eV was
applied to the theoretical spectra. To determine the A, parameter
within the XCH approach for N K edge spectra, an isolated N,
molecule was used as a reference system, which yielded A, [N;] =
396.5 eV for the core-excited pseudopotentials employed in this study.
All other calculated N K-edge spectra were rigidly shifted by this
amount. Molecular orbital plots were obtained using the VESTA*
visualization program.

4. RESULTS

4.1. Structural Properties. Figure 2 shows structural
models of the uranyl complexes and the corresponding
precursors. All systems contain at least five N sites (N1-NS)
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from the bbp ligand framework and additional N sites from
pyridine (Py) ligands where present. Three different types of N
sites can be identified in H,bbp. Atoms N1 and N3 on the
benzimidazole segments are only 2-fold coordinated and host
lone pairs of electrons. Atom N2 on the central pyridine also
hosts a lone pair of electrons and is therefore chemically similar
to N1 and N3. These three N atoms constitute the primary
tridentate binding site for incoming metal atoms. In contrast,
the outer N4 and NS nitrogens are protonated and are
therefore less reactive. In complex 1, a uranyl group is bonded
to sites N1—N3 of the bbp ligand. Additionally, two hard-donor
CI” ions ligating the uranyl complete the pentagonal
coordination in the equatorial plane of the linear {O=U=
O}*". Synthesis of the mono- and disodium salts of H,bbp,
namely, NaHbbp and Na,bbp, involves successive deprotona-
tion of the outer imidazole nitrogens N4 and NS (see Figure
2). Additionally, complexes 2 and 3 differ from 1 in having CI~
ions successively replaced by Py ligands.

Structural parameters of molecular crystals of 1—3 were
determined from X-ray diffraction measurements and analyzed
with the help of ground-state DFT calculations.'” Structural
properties exhibit a systematic trend across the three complexes
driven by the gradual relaxation of steric hindrance and elevated
charge on the bbp ligand as the CI™ ions are successively
replaced by pyridine groups going from 1 to 3. Steric hindrance
imposed by the large ionic radius of the bonded chlorides
forces the H,bbp ligand in 1 to adopt a nonplanar bonding
geometry about the uranyl. DFT total energy calculations have
confirmed"” that this equatorial nonplanarity is intrinsic to the
molecule and is not a result of crystal formation and associated
neighbor interactions. Almost perfect equatorial planarity is
restored in complex 3 where both of the chloride ions have
been replaced by pyridines with the ligand Py plane
perpendicular to the equatorial plane of UO,. Progressively
increasing charge on the bbp ligand and relaxation of the steric
constraints also results in a tighter bbp geometry around the
uranyl with average U to bbp N distances contracting from 2.58
Ain 1to02.51 Ain 3. In turn, increasing deviation of the uranyl
group from linearity is also observed, suggesting a slight
weakening of the U=0 bonds from 1 to 3.

During synthesis, complexes 1—3 are precipitated out of
pyridine or pyridine/benzene solution as molecular crystals.'”
Interactions between molecular units in these crystals are weak.
However, in crystallized samples of complexes 1 and 2, X-ray
diffraction (XRD) structure determination indicated additional
solvent pyridine molecules were incorporated into the
crystalline framework facilitated by hydrogen bonding to bbp.
These solvent molecules are also found to affect the internal
structure of the complexes especially in the case of 2.
Calculated U—N bond-lengths in complex 2, from structural
models with and without solvent molecules incorporated, are
compared to XRD experimental bond-lengths in Table 1.

Table 1. Comparison with Experiment of Calculated U-N
Bond Lengths in Complex 2 with and without the Inclusion
of Additional Pyridine Solvent Molecules

theory (A)
bond expt (A) with solvent no solvent
U-N1 2.533(4) 2.542 2.526
U-N2 2.573(4) 2.58 2.600
U-N3 2.593(4) 2.608 2.620

Evidently, in the absence of H bonding between solvent
pyridines and the outer N4/NS sites, the U—N bond lengths on
the inner N1—N3 sites exhibit a wider spread. Furthermore,
total energy calculations show that the binding energy of the
uranyl to the bbp ligand in isolation is enhanced by ~141 meV
in the presence of coordinating solvent Py molecules relative to
the case without solvent. This suggests the possibility of
functionalizing bbp at the outer imidazole N sites**** to tune
the binding and selectivity of the ligand. Interestingly, this also
affects the spectroscopic features in these complexes as we will
discuss in the next section.

4.2. Ground-State Electronic Properties. We first study
the ground-state electronic structure of complexes 1—3 within a
DET+U*"* framework. The process of determining the
Hubbard-U parameter self-consistently for each of the three
complexes provides valuable insights into evolution of the local
electronic structure around the uranyl. The S5f shell of uranium
in the uranyl cation {UO,}*" is formally empty because of its
U(VI) oxidation state. Nevertheless hybridization with the 2p
shell of oxygen lends the occupied density of states (DOS)
some Sf character a few electronvolts below the valence band
maximum (see Figure 3). Table 2 shows the on-site U-5f
electron occupancies and the self-consistent value of the
Hubbard-U parameter for 1—3. The on-site orbital occupancies
are calculated by projecting the valence wave functions onto
atomic orbital projectors centered on the U site. We see that
the 5f occupancy decreases, and in turn the on-site Hubbard-U
increases going from complex 1—3. The 5f population on the U
site is dictated predominantly by the extent of hybridization
with uranyl O 2p and ligand Cl 3p orbitals.

As interactions with CI” ions that are 3principally ionic but
with some small degree of covalency''* are successively
replaced by dative interactions with N-donor atoms of Py in 2
and 3, the effective U 5f population is reduced. Furthermore, it
is known that strongly donating ligands in the equatorial plane
can affect the strength of the U=0 bond of uranyl.’ Thus, we
effectively see a slight weakening of U 5f hybridization from 1—
3 and the S5f states becoming more atomic-like, which is
reflected in the increasing Hubbard-U value. Furthermore, as
one would expect for less than half occupancy, including the
Hubbard-U correction also reduces the on-site 5f population
relative to the U = 0 case.

The DOS for complexes 1—3, obtained from both PBE and
PBE+U calculations, is shown in Figure 3. As a common feature
we see that the average energy position of the occupied U 5f
DOS is shifted lower going from 1—3. The main diffence
between PBE and PBE+U DOS is in the position of the empty
5f manifold of states. The PBE functional is expected to
underestimate the energy position of the virtual 5f states owing
to the self-interaction error.”® As a result the lowest-lying virtual
orbitals in PBE are Sf in character and are separated in energy
by 0.4—1.2 eV from the ligand-derived 7* states. PBE+U largely
corrects for this under-estimation with the result that the empty
5f DOS is raised to higher energies and lies roughly at the same
energy as the low-lying 7* states on the ligands.

4.3. Core-Excited Electronic Properties. In the presence
of a 1s core-hole, the local potential around a core-excited N
site would be substantially deeper. Within a constrained DFT
calculation including the effect of a core-hole, this change is
reflected as a significant alteration of the DOS relative to the
ground state. Accordingly, the 7* states centered on the excited
atom now occur at a lower energy than empty U 5f states. The
DOS for the lowest-energy constrained excited states of
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Inorganic Chemistry

PDOS (arb. units)

PDOS (arb. units)

_I]IIlI[II|1PBE Illlllllllllwl PBE+UII|I]II|[III_

PDOS (arb. units)

0
4 3 -2 -1 0 1
Energy (eV)

3 -2 -1 0 1 2 3
Energy (eV)

Figure 3. Ground-state projected density of states (PDOS) from PBE (left) and PBE+U (right) calculations for the three uranyl complexes. In each
panel, the upper blue shaded region is the PDOS for N 2p states, and the lower red shaded area is that of U Sf. The gray shaded background in each
case is the total DOS of the system. The valence band maximum is aligned to 0 eV.

Table 2. Projected on-Site 5f Electron Occupancy n; on a
Single Uranium Site within Each Complex and the
Calculated Value of the Self-Consistent Hubbard-U
Parameter U, Are Shown

complex n{0)% n(U)* U (eV)
UO,(H,bbp)Cl, 165 1.60 144
UO,(Hbbp)Py-Cl 162 157 1.86
UO,(bbp)Py, 1.59 151 248

“n¢(0) is the occupancy at U = 0. bnf( U) denotes the occupancy at U =
Uscf'

complexes 1—3 for a s excitation on site N1 is shown in Figure
4. We see that the conduction band minimum, now occupied
by the core-excited electron, is predominantly of N 2p and C
2p character with 7* symmetry (see Figure 6).

Experimental and theoretical NEXAFS spectra for molecular
crystals of complexes 1—3 and their precursors are shown in
Figure S. Four main features, labeled A, B, C, and D, are
identified in the experimental spectra, and their energy
positions are reported in Table 3. In general, spectral features
observed in the uranyl complexes are also present in the
corresponding precursors but occur at slightly different energy
positions or with different intensities. One common trend that
can be identified is that the primary peak A in each of the three
complexes is shifted higher in energy by ~0.2 eV compared to
the precursor. This shift is attributed to a deepening of the N 1s
core level in the complex relative to the precursor because of
charge transfer from bbp toward the uranyl upon complexation.
Furthermore, while features A and B are clearly observed in all
the complexes, peak C is not apparent in complexes 2 and 3,
and peak D is not observed in complex 3 even though it is
observed in the corresponding precursor (peak D).

Total
— US5f
UOZ(HZBBP)CI — N2p
400 —
0

300

PDOS (arb. units)

400 — . m .I '

OEAU ll Lol [|| L | |ulll‘| baal
- 2 -1 0 1 2
Energy (eV)

3

Figure 4. Projected electronic density of states from PBE+U for the
lowest-energy state including a 1s core-hole on the NI site of each
complex. Note that in this case, the conduction band minimum is
partially occupied by the excited core electron. The valence band
maximum is aligned at 0 eV for clarity.

We find broadly good agreement between theoretical and
experimental spectra especially for energies within a few
electronvolts of the absorption onset. Energy positions of
higher-lying excitation peaks such as peak D are underestimated
by ~0.5—0.8 eV in the calculations, and in particular, 1s to ¢*
excitation energies occurring beyond 405 eV are systematically
underestimated by ~2 eV relative to experiment. This is
attributed to the semilocal PBE exchange-correlation functional,
which generally underestimates 7%—¢* splittings, a limitation
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Figure S. Experimental and simulated N K-edge NEXAFS spectra for
uranyl complexes 1—3 and their respective precursors. Blue lines
depict the spectra for the complexes, while red lines depict those of the
precursors. In each panel, the upper spectra are from experiment, with
the simulated spectra appearing below them.

that can be rectified by including many-body corrections on top
of DFT.>! In Figure 6 we deconvolute the theoretical spectrum
of complex 1 and its precursor H,bbp into contributions from
excitations on different N sites. We see that peak A at ~399 eV
is primarily a 1s — 7* excitation on the central Py site N2. Peak

Table 3. Major Features Observed within the First Few
Electronvolts of the Experimental NEXAFS Spectra of
Complexes 1—3 are Reported and Labelled to Be Consistent
with Figure §

label UO,(H,bbp)CL* UO,(Hbbp)Py-CI1* UO,(bbp)Py,”
A 399.0 (398.8) 399.0 (398.8) 399.0 (398.8)
B 400.7 (401.0) 400.8 (400.8) 401.2 (400.6)
C 401.5
D 402.7 (403.1) 402.9 (402.9) —(402.8)

“The numbers in parentheses are energies of corresponding features in
the precursors.

A also has contributions from a 1s — 7* excitation on the
imidazole sites N1 and N3. Only the spectrum for an excitation
on N1 is shown as that from N3 is almost identical by mirror
symmetry. Peaks B (400.7 eV) and C (401.5 V) are seen to be
a combination of two different closely spaced excitations: The
second 1s — #* transition on NI and the first 1Is — z*
excitation on the outer protonated imidazole site N4 (NS has a
similar contribution). The energy spacing between features B
and C in complex 1 is slightly underestimated in the
calculations with respect to experiment, and so, feature C
does not appear as a distinct peak in the theoretical spectrum.
Peak D is primarily from the second 1s — 7™ excitation on N4/
NS with some contribution also from the third 1s — #*
transition on N1.

4.3.1. Spectral Signatures of Charge Density Variation.
The blue shift of the absorption onset in the uranyl complex
relative to the precursor seen in experiment is also confirmed
by theory. This is attributed to deeper N 1s core levels in the
complexes because of charge transfer toward the uranyl.
Polarization of the electron cloud on the bbp ligand upon
complexation with the uranyl can be studied by following the
change in the centers of Maximally Localized Wannier
functions (MLWFs)>* in the electronic ground-state. The

i :I I TTTT IAI TTTT | TTTTT I TTTTT | T I:
H,BBP i 121 i Total
> 08t .
‘ A'I A 50‘45_11||| | I_E
- ! E 0:I | LU | LI I L | LI I LI l:
P A o
: \ _{ 08F =
M X P ;}0.42_ W
z é1(2)2}::::.}.T..*.l...H}Hm{HE
UO,(H,BBP)Cl,; S osf E
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Figure 6. (left) Structural models of H,bbp and complex 1 indicating the positions of Wannier centers (yellow dots). Red arrows depict
schematically the displacement of Wannier centers at N sites on bbp as a result of complexation with uranyl. (middle) Theoretical N K-edge
NEXAFS spectra of Hybbp and complex 1 are decomposed into contributions from excitations on specific N sites. Spectra from the complex are
shown in blue, and those from the precursor are shown in red. Features in the total NEXAFS spectrum of the complex (upper) are labeled to be
consistent with Figure S. (right) Electronic wave functions corresponding to the lowest constrained 1s core-hole excited state on specific N sites in

complex 1.
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centers of MLWFs spanning the occupied subspace provide a
heuristic map of the local polarization field, and the
displacement of these centers under an external perturbation
can be related to the change in polarization.”> MLWFs reduce
to Boys>* localized fuctions for molecules. In Figure 6, we show
structural models of H,bbp and complex 1 indicating the
positions of Wannier centers (yellow dots) corresponding to
the occupied manifold. Wannier centers on H,bbp representing
the lone pairs on the N sites N1, N2, and N3 are displaced by
~0.08 A toward the uranyl group in complex 1, indicating the
formation of a dative bond. This is represented schematically in
Figure 6 by red arrows. Polarization of the electron density on
the bbp ligand can also be estimated approximately by
considering the bbp as a fragment and treating the ion cores
and electrons on this fragment as point charges, with the
electrons being located at the Wannier centers. Note that for
the precursor H,bbp, the fragment is the entire molecule. The
dipole moment estimated as

p=gqn-— 2eryy

wherein gy is the ionic charge, e is the electron charge, ry; and 1
are, respectively, the MLWF and ion centers on the bbp alone,
increases from —6.94 ZD to —8.20 ZD going from H,bbp to 1,
with 2 pointing toward the uranyl (see Figure 6). It is this
charge displacement, which leads to increased binding energy
of the N 1s core-levels on bbp, that is the origin of the spectral
blue shift.

The full magnitude of the relative core-level shift AEypg
between a complex and its precursor can be estimated from a
difference in 1s photoionization energies, which can be
calculated via ASCF DFT calculations as a total energy
difference between netural and core-ionized species. Calculated
values of the N 1s core-level shifts between complex 1 and
H,bbp, for different N sites, are shown in Table 4 and

Table 4. Calculated Core-Level Shifts AEypg on Specific N
Sites and Corresponding Shifts in the NEXAFS Onset AEy,
as a Result of H,bbp Binding to Uranyl to Form Complex 1

atom AEyps (eV) AEy s (eV)
N2 0.98 0.26
N1 0.96 0.18
N4 0.63 —0.61

compared to the corresponding shifts in the NEXAFS onset.
Sites N1 and N2/N3, which are directly bonded to the uranyl,
have a larger core-level shift than site N4/NS situated two
nearest-neighbor distances away from the uranyl. Still, a core-

level shift of 0.63 eV on N4/NS suggests that the change in
electron density upon complexation is distributed over the bbp
framework. Shifts observed in the NEXAFS peaks, however, are
much smaller as resonant X-ray excitation energies also include
the change in conduction band energies upon complexation,
which would largely be in the same direction as the core-level
shift owing to the common change in the underlying local
potential. Moreover, hybridization effects in the core-excited
final state can further modulate the excitation energy. Thus, we
see that in the case of site N4, the calculated NEXAFS onset is
actually red-shifted in complex 1 relative to H,bbp even though
we predict the 1s core-level binding energy is blue-shifted. In
Figure 6, the wave functions of the conduction band minimum
occupied by the excited core—electron for 1s excitations on
different N sites are shown. It is apparent that the final state is
strongly dependent on the excitation site. A core excitation on
N2 from the pyridine segment of the bbp produces a final state
that is also distributed in a symmetric manner over the two
benzimidazole segments. On the other hand, final states for
excitations on the imidazole-type sites N1, N4 are confined to
the benzimidazole segment containing these sites with some
weight also on the pyridine segment. Excitations on N3, NS
similarly lead to final state electronic wave functions confined
to the other benzimidizaole segment. In this context we also
note that we do not identify spectral signatures in the NEXAFS
that can be easily attributed to N 2p—U 5f hybridization. This is
because the dative interaction between bbp N and the uranyl
group is characterized by weak orbital overlaps, and
furthermore, as shown in Figure 4, empty U 5f states occur
at higher energies relative to the lowest N 2p-derived #*
orbitals that provide the most intense N K-edge transitions near
the onset. While N 2p—U 5f hybridization could contribute to
some modulation of the spectral features above the onset, its
contribution is not easily separated from that of other factors
such as structural changes and ligand polarization that coexist.

4.3.2. Effect of Pyridine Ligand Substitution. Starting from
complex 1 and considering overall changes in ligand
composition, we see that complexes 2 and 3 involve sequential
substitution of CI” ions in the coordination sphere of uranyl
with Py ligands and an increase in charge on the bbp ligand as a
result of deprotonation of the benzimidazole group. The net
result is an increase in electron density on the bbp ligand and a
strengthening of the bbp—uranyl bonding as evidenced by
shorter U-N bonds'” (see section 4.1). The increased charge
on the ligand is primarily distributed over the z-conjugated
benzimidazole group that is deprotonated. We quantify this
effect on the N sites of the bbp that are of interest, through
their Lowdin®* populations (1) as shown in Table 5. For

Table 5. Lowdin Populations (1;,4,) on Various N Sites on Complexes 1—3 and Distances (ryyc) between Wannier Function
Centers Located along Various Bonds and the N Donor Sites Participating in Those Bonds

N owdin ryre (A)
atom UO,(H,bbp)Cl, UO,(Hbbp)Py-Cl UO,(bbp)Py, UO,(H,bbp)Cl, UO,(Hbbp)Py-Cl UO,(bbp)Py,
N1 5.248 5333 5.346 0433 (N-U)* 0.494 (N—U)* 0.496 (N—U)“
N2 5.198 5222 5235 0425 (N-U) 0462 (N-U) 0.492 (N—U)
N3 5.247 5.266 5.345 0429 (N-U) 0.448 (N—U) 0.497 (N—U)
N4 5236 5311 5.306 0.590 (N—H) 0.359 (LP)® 0.351 (LP)®
N5 5235 5232 5.306 0.589 (N—H) 0.587 (N—H) 0.351 (LP)
N6 5.200 5216 0471 (N-U) 0.456 (N—U)
N7 5216 0.456 (N—U)

“The type of bond is indicated in parentheses. “LP denotes a lone pair.
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Figure 7. (left) Decomposition of the simulated N K edge NEXAFS spectra of complexes 2 and 3 into contributions from specific N sites. The blue
shared region in each panel depicts the specific site contribution against the total spectrum shown in brown. The experimental spectrum is shown as
a dashed line in the upper panel. (upper right) Structural model for a molecular unit of complex 2 hydrogen bonded to solvent pyridine molecules.
Hydrogen bonds are indicated as dashed green lines. (lower right) Theoretical N K-edge NEXAFS spectra (b, ¢, d) of complex 2 from structural
models with and without solvent pyridine molecules are compared to experiment (a).

instance, the sites N1 and N4 in complex 2 belonging to the
deprotonated benzimidazole, exhibit roughly a 1.6% increase in
the 7y o,.qi, relative to their counterparts in complex 1. Also, site
N1, which bonds to the uranium in the uranyl moiety, has a
slightly higher n; 4, compared to N4, which indicates a higher
degree of anionic character on the former. The same trend is
continued in complex 3 in which the benzimidazole group
hosting sites N3 and NS is also deprotonated. This clearly
shows that the anionic charge in the mono- (bbp~) and
dideprotonated (bbp>~) ligands is delocalized over the entire
congugated framework of the benzimidale groups and not
confined just to the N4/NS sites that are orginally proton-
bonded in the neutral bbp ligand. We also note that donor sites
N6 and N7 on the Py ligands replacing the CI~ ligands have a
similar 1y, as that of site N2 on the deprotonated bbp~
ligand. The shortening of the uranyl to bbp N-donor bond
distances in going from 1 to 3 should also be reflected in a
modulation of the electron density distribution in the direction
of increasing covalency. This can be §auged by investigating the
positions of the centers of MLWFs>>** introduced earlier (see
section 4.3.1). The position of a Wannier function center
(WEC) located along a bond between two atoms provides
qualitative information regarding the degree of covalency, with
the WEC shifting toward the bond-center with increasing
covalency. In Table S we show the distances (rygc) between N
atoms and WFCs situated along various N—U and N—H bonds.
Comparing the situation in complex 2 to that in complex 1, we
find that WFCs along bonds connecting the donor sites NI,
N2, and N3 to uranyl are farther away from the N sites in 2
than in 1. This indicates that the average positions of the
electrons involved in the bbp—uranyl bonding interaction shift
slightly toward the uranyl in complex 2. This trend is further
enhanced in complex 3. Note that in the case of sites N4 and
NS that are sequentially deprotonated, the WFC shifts
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significantly closer to the N upon deprotonation and nominally
indicates a lone-pair configuration (denoted LP in Table ).
Using the same metric, we also conclude that in complex 3, the
bonding between uranyl and the Py ligands is slightly weaker
than the uranyl—bbp interaction.

Changes in the electronic structure described above lead to
subtle modulations in the NEXAFS spectra from complexes 2
and 3. A deconvolution of the theoretical NEXAFS spectra of
complexes 2 and 3 into contributions from different N sites on
the bbp ligand is shown in Figure 7. As in the case of complex
1, we find that in both 2 and 3 feature A at ~399 eV (see Figure
S) originates from the first 1s — 7* excitations on N1, N2, and
N3. Feature B in complex 2 is attributed to contributions from
the second 1s — z* excitation on N1, N3, and N4 as well as
the first 1s — 7% on NS, while peak D is attributed to the
second and third sets of 1s — ™ transitions on NS and N4,
respectively. In complex 3 peak B is the only other prominent
feature observed close to the absorption edge in addition to
peak A, and it is seen to have contributions from the second 1s
— 7 transition on N1, N3, N4, and NS. Peak D is notably
absent in complex 3, and this is attributed to the lack of
protonated N4/NS sites. We see from Figure 7 that both N4
and NS, which are deprotonated in 3, have their second 1s —
7* occurring at a lower energy compared to when protonated
and, hence, have no significant absorption near 402.8 eV.
Notice that a feature D’ (see Figure S) is observed in the
corresponding precursor Na,bbp as one of the sites (N4 in
Figure 2) is bonded to Na and has its spectrum blue-shifted
relative to the fully deprotonated case. We note that in
complexes 2 and 3, the additional N sites N6/N7 from pyridine
ligands have a similar spectral contribution to that of N2 in the
near-edge region. Thus, they mainly contribute toward
enhancing feature A.
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In Figure 8, we focus on the three binding sites N1—N3 of
bbp and follow the variation in the K-edge absorption of each
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— UO,(HBBP)CLPy
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Figure 8. Evolution of the K-edge absorption onset of each of the
three metal-binding sites N1—N3 as a function of the changing ligand
character around the uranyl core, going from complex 1 to 3.

individual site as a function of the changing uranyl coordination
going from complex 1 to 3. The pyridine site N2 does not show
much variability except for a small blue shift of about 80 meV in
complexes 2 and 3 relative to that of complex 1. This shift is
attributed to an interplay between the shortening of the U-N1
bond length (from 2.63 A in 1 to 2.53 A in 3), which tends to
blue-shift the spectrum and increase electron density on the
bbp ligand in 2 and 3, which has the opposite effect.
Interestingly, the spectra of N1 and N3 in complex 2 show
relative shifts with respect to 1 of opposite sign, which reflects
the strong asymmetry about the uranyl in 2 because of
dissimilar ligands. N1, which is on the deprotonated
benzimidazole and closer to the Py ligand, shows a red shift,
while N3, which is on the protonated benzimidazole and closer
to CI”, shows a blue shift. In complex 3, the spectra of both N1
and N3 are red-shifted relative to 1, as the uranyl coordination
is once again symmetric, and both sites feel the effect of the
increased change on the dideprotonated bbp>~ ligand.

4.3.3. Deprotonation and Solvent Interaction Effects. The
effect on the spectrum of the successive deprotonation of sites
N4 and NS in 2 and 3 is also worth discussing. We see from
Figure 7 that the deprotonated N4 site in complex 2 has a
significantly lower absorption onset than protonated site NS. In
fact, the first 1s — 7™ transition on N4 is lower by 2.3 eV than
it is on NS. This results from the fact that the LUMO energy
for this deprotonated moiety is expected to be lower by frontier
orbital theory. Additionally, the deprotonated N4 has slightly
higher on-site charge density than site NS, which is covalently
bonded to H (see Table S). In turn this leads to a lower binding
energy for the 1s core electron on N4 relative to NS. These
effects cooperate resulting in a smaller 1s — #* excitation
energy on N4. In our calculations for complex 2, the first 1s —
7* transition on N4 occurs at 398.4 eV, which is ~0.6 €V below
peak A and therefore appears as a small additional shoulder

near the absorption onset. This feature is barely apparent in
experiment (see Figure 7) because of thermal broadening®®®’
at room temperature. To ascertain that this is indeed the case,
we recalculated the spectrum of complex 2, explicitly taking
into account broadening from ionic dynamics at 300 K. This
was conducted by first obtaining a first-principles Born—
Oppenheimer molecular dynamics (MD) trajectory of the
molecular crystal of complex 2 at 300 K, calculating the N K-
edge spectra at 20 individual points separated by 100 fs along
the trajectory and subsequently averaging over all such spectra.
This led to a spectrum with a slightly broader feature A, with
the pre-edge no longer apparent as a separate peak but only as
an inflection in the line shape similar to the one seen in
experiment. Recall, however, that in the molecular crystal of
complex 2, additional Py solvent molecules are hydrogen
bonded to the outer N4 and NS sites. The structural model for
one such molecular unit from a crystal is shown in Figure 7.
Interestingly, we find that in the absence of solvent Py
molecules the pre-edge shoulder appears more prominently as a
distinct peak at 398.3 eV. Additionally, in the unsolvated case,
the energy position of peak A is also shifted slightly higher to
399.3 eV from its position at 399.1 eV in the solvated case. This
further enhances the appearance of the pre-edge feature as a
distinct peak. The lack of additional Py solvent molecules also
means the contribution from excitations on the deprotonated
N4 site is proportionately larger in the overall NEXAFS
specturm.

In complex 3, which has two deprotonated imidazole sites, 1s
— 7 transitions on N4 and NS are predicted to lead to a
similar pre-edge feature at 398.3 eV, ~0.8 eV below peak A at
399.1 eV. The feature is somewhat more prominent than in
complex 2 because there are twice as many deprotonated N
sites, and it therefore appears as a distinct pre-edge peak
(labeled e in Figure S). However, the peak is not observed in
the experimental spectrum, and we attribute this to the possible
presence of additional free Py hydrogen-bonded to the N4 and
NS sites in the experimental samples. Indeed while solvent
molecules were not identified by XRD studies on the molecular
crystal of complex 3, NMR studies on the samples used for
NEXAFS measurements did indicate the presence of free Py
(see Supporting Information). We speculate that if uranyl—bbp
complexes can be synthesized in solvents that do not contain
nitrogen and ideally do not form hydrogen bonds easily, it
would be possible to detect the excitations on the deprotonated
imidazole sites as a pre-edge feature in the NEXAFS spectrum.

Finally we remark on the lack of pre-edge-like features in the
experimental and theoretical spectra of precursors NaHbbp and
Na,bbp even though they host deprotonated imidazole sites
N4/NS (see Figure 2). Our analysis shows that while the first
Is — 7 transitions on the deprotonated N4/NS sites in the
precursors also occur at a lower energy than the corresponding
excitations on sites N1—N3 that lead to peak A, the two sets of
excitations are closer in energy and thus do not appear as
distinct peaks. For instance in Na,bbp, the lowest energy 1s —
¥ transition on NS occurs at 398.4 eV but is only 0.5 eV
separated from peak A at 3989 eV and therefore is not
apparent as a separate pre-edge within characteristic thermal
broadening.***

5. CONCLUSIONS

We have investigated the electronic structure of three N-donor
uranyl complexes [UO,(H,bbp)CL] (1), [UO,(Hbbp)(Py)Cl]
(2), and [UO,(bbp)(Py),] (3) by combining experimental N
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K-edge NEXAFS measurements with first-principles DFT
calculations and NEXAFS simulations. Complexes 1—3 contain
derivatives of the versatile N-donor ligand 2,6-bis(2-
benzimidazyl)pyridine (bbp) and additional CI~ and pyridine
ligands in the equatorial uranyl plane. A combination of steric
and electronic effects leads to a systematic evolution of the
structural and electronic properties of these complexes.

Ground-state DFT calculations show that the largely -
conjugated framework of bbp is significantly polarized in
bonding to uranyl. Furthermore, Py solvent molecules
incorporated into molecular crystals of complex 2 are seen to
affect the uranyl-bbp binding geometry suggesting that the
dative bonding between {UO,}** and the N donor sites of bbp
is sensitive to weak interactions in the environment of the bbp
ligand such as hydrogen bonding to solvent molecules. A
decrease in U=O hybridization in the {O=U=0}*" moiety is
observed within complexes 2 and 3 relative to 1 as the
coordination environment about uranyl is modified and charge
on the bbp ligand increased. This goes together with increasing
on-site Coulomb repulsion on the uranium site as evidenced by
the larger self-consistent U parameter for complexes 2 and 3 in
our DFT+U calculations. In contrast, increased charge on the
bbp ligand combined with reduced steric hindrance leads to
shorter bbp—uranyl bonds in complexes 2 and 3, which are
indicated as more covalent by Wannier center displacement
analysis.

NEXAFS spectra of the complexes show a systematic blue
shift of ~0.2 eV with respect to those of the corresponding
precursors. This arises from the deepening of N 1s core levels
in the complexes driven by charge displacement toward the
uranyl upon complexation. The blue shift, which we expect to
be common to polarizable ligand systems, is particularly
apparent in the lowest 1s — #* transition on the central
pyridine-like N site of bbp. Changes in ligand character in the
outer coordination shell of the uranyl lead to subtle differences
in the spectral features of N sites on bbp. These can be
interpreted with the help of theoretical simulations that
facilitate decomposition of the compound NEXAFS spectrum
into individual atomic site contributions. Successive deproto-
nation of the outer imidazole sites of bbp in complexes 2 and 3,
which occurs in conjunction with CI™ groups being replaced by
Py groups around the uranyl, results in a significant modulation
of the spectra. Increased electron density on the benzimidazole
groups of the mono- and di-deprotonated bbp~ and bbp*~
ligands leads to reduced N 1s core-level binding and
significantly lower 1s — 7™ transition energies relative to the
protonated bbp ligand. This in turn gives rise to pre-edge
features at the absorption onset, which, interestingly, are
modulated by solvent molecules incorporated into the
molecular crystals. Finally we comment on the sensitivity of
K-edge NEXAFS as a probe of electronic structure in N-donor
uranyl complexes. We find that N K-edge NEXAFS is highly
sensitive to changes associated with new bond formation or
bond breaking as well as charge-density polarization of the 7-
conjugated framework. However, small changes in the
inherently weak N-uranyl dative interaction are difficult to
track using this method, as signatures of N 2p-U Sf
hybridization are not readily apparent in the spectral features.
Alternative metrics such as displacements in Wannier function
centers, available from first-principles calculations, are therefore
necessary to provide complementary information toward better
understanding N-uranyl bonding in these complexes.
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