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ABSTRACT: Lanthanide-based metal—organic frameworks
show very limited stabilities, which impedes their use in
applications exploiting their extraordinary electronic properties,
such as luminescence and photocatalysis. This study demon-
strates a fast and easy microwave procedure to dope UiO-66, an
exceptionally stable and tunable Zr-based metal—organic
framework. The generally applicable synthesis methodology is
used to incorporate different transition metal and lanthanide
ions. Selected experiments on these newly synthesized materials

allow us to construct an energy scheme of lanthanide energy

levels with respect to the UiO-66 host. The model is confirmed
via absolute intensity measurements and provides an intuitive
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way to understand charge transfer mechanisms in these doped UiO-66 materials. Density functional theory calculations on a
subset of materials moreover improve our understanding of the electronic changes in doped UiO-66 and corroborate our

empirical model.

B INTRODUCTION

Since their discovery, metal—organic frameworks (MOFs) have
developed into a versatile platform for various applications,
ranging from gas sorption and catalysis to sensing.' ~ They owe
this to their construction from inorganic clusters, linked together
by organic bridges. This inherent modular nature makes it
possible to design the materials at a molecular level and tune their
properties for a specific application. Moreover, MOFs have
recently emerged as photoactive materials, showing promising
results in luminescence and photocatalytic applications.*™ One
of the limiting factors in traditional semiconductor photo-
catalysts is the high electron—hole recombination rate. In MOFs,
electrons are localized on distinct constituents. Hence, the
organic linker may serve as the photoreceptive system (or
antenna) and the inorganic node as the photocatalytically active
center, which are separated entities within the same crystalline
material. If the corresponding electronic bands are well-aligned,
then an efficient separation and transfer between these sites can
take place via a ligand-to-metal charge transfer (LMCT).
Moreover, the modular setup of a MOF allows for an orthogonal
engineering of the electronic structure, since linker and node
contributions can be treated independently.”

In light-based applications, special attention goes to the series
of lanthanide (Ln) metals. Their bright emission forms the basis
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of many lighting applications, and their specific electronic
structure is ideally suited for catalytic fine chemistry.'~"* Also
within MOF research, Ln-based materials have emerged in recent
years."””~'> As Ln ions are inserted in a crystalline framework,
they are heterogenized, facilitating the processing steps for
several applications. Moreover, the orbital overlap between the
antenna and the Ln ion can be ensured since they are part of the
same rigid framework. The latter is of paramount importance to
provide an efficient pathway for the charge carriers to move in the
framework. Unfortunately, difficult syntheses and limited
stability restrict the use of Ln MOFs.'® To overcome this
problem, we propose an approach inspired by solid-state
lanthanide chemistry where a stable robust carrier material
(e.g., a metal oxide) is doped with a small amount of lanthanide
ions in a high-temperature process. Within this work, we adopt a
microwave-based methodology to dope UiO-66, a robust MOF,
with several lanthanide and transition metal ions and investigate
the electronic properties of the new materials. So far, this doping
strategy to alter the electronic properties was only used to
introduce isovalent atoms.'” However, thanks to the highly
exchangeable nature of the constituents in MOF materials, we
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Figure 1. (left) Basic steps in a UiO-66 photocatalytic process: light absorption, LMCT and reduction process. (Right) Density of states of pristine UiO-
66. Areas shaded in green indicate node contributions while areas shaded in blue indicate linker states.”

show that this methodology can be extended toward many more
metals. The doping of a robust MOF with low concentrations of
Ln dopant ions leads to a whole new series of materials which
may advance a wide variety of applications, ranging from lighting
to photocatalysis. Given the stability of the parent material,
evaluation in different chemical environments and under
different ambient conditions is possible while retaining the Ln-
specific properties.

Challenges and Opportunities in Ln-Doping of UiO-66.
Ui0-66 is an often-used prototype MOF, also in light-based
applications, due to its high tunability and unprecedented
stability.® Tt is built out of 12-fold coordinated ZrsO,(OH),
inorganic bricks and benzene-1,4-dicarboxylate (BDC>") link-
ers."”*° The coordinative nature of the bonding in UiO-66 allows
for an efficient postsynthetic exchange of both linkers and
metals,”" making UiO-66 the ideal platform for the exploration of
new structures containing lanthanide dopant ions. Figure 1
represents the electronic structure of pristine UiO-66 and
captures the basic idea of the LMCT process lying at the basis of
the photocatalytic activity of the material. In an ideal situation,
the aromatic BDC linker acts as an antenna to absorb light and
generate an exciton. The excited electron should be able to move
toward the inorganic node, reducing the zirconium from Zr* to
Zr** which then becomes a redox active center.

UiO-66 in its pristine form is however poorly suited for
photocatalysis. Besides its large band gap (4 eV), impeding
excitation with light in the visible region of the spectrum, the
major problem is the inefficient charge transfer between linker
and node. Figure 1 shows that a transfer from the linker to the
inorganic node will be very difficult, since the empty Zr d states
lie more than 1 €V higher than the empty linker band (Eycr)-
This lack of overlap hinders the electron in traveling efficiently to
the node.” In order to improve LMCT, changes to the LUCO
states (lowest unoccupied crystalline orbital) are necessary.
Introduction of Ti in the Zr node via postsynthetic exchange”>**
was previously found to strongly improve the catalytic activity of
the material due to a lowering of the d states.”**° Similarly, the
4f levels of Ln ions are expected to alter the HOCO—-LUCO
region of the material (HOCO: highest occupied crystal orbital).
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Within this work we use for the first time a systematic
experimental method to incorporate lanthanide ions in the UiO-
66 framework and probe the electronic properties of these new
materials. Although we provide insight into the electronic
transitions (which result in their absorption/emission behavior)
using demanding first-principles computational techniques, we
also establish a more empirical model by exploiting recurrent
features of the lanthanides. Indeed, systematic behavior emerges
across the lanthanide series independent of the chemical
environment, as all ions act chemically very similar. This
behavior results in a typical zigzag curve for the charge state
transition levels of lanthanide impurities in crystalline materials
as a function of the used lanthanide. Thanks to the systematics,
the location of the charge state transition levels for all lanthanides
can be predicted when one knows the location of at least one
such level for one lanthanide ion>'™% In this work, the
systematic properties of the lanthanide ions are used to construct
band diagrams of Ln-doped UiO-66, containing all 14 Ln (2+/
3+) and (3+/4+) charge state transition levels, based on a small
set of experimental absorption and photoluminescence (PL)
spectra. To our knowledge, this is the first time a complex hybrid
carrier material is evaluated using this methodology. Further-
more, a density functional theory (DFT) study of some of the
selected materials corroborates the findings of the empirical
model and helps to understand the electronic structure changes
observed for the different doped frameworks. It bridges the gap
between our novel Ln-MOFs and the existing isovalently doped
materials.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experimental Details. Synthesis. UiO-66 was synthesized based on
a general procedure by Biswas and co-workers®* (see Supporting
Information section S1). The doping of the UiO-66 framework was
performed using postsynthetic metal ion exchange inspired by a
methodology developed by Lau et al. and Tu et al.'” Materials were
prepared doped with Ti*, Yb*, Eu®", Nd*, and Ce* and will be
denoted as UiO-66:X"*. To compare the spectroscopic properties of
pure and doped UiO materials, a pure cerium-based UiO was also
prepared. Synthesis of this UiO-66(Ce) was based on a procedure by
Lammert et al.’® Details of all syntheses are given in Supporting
Information (section S1).
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Structural Characterization. Ambient-temperature powder X-ray
diffraction (PXRD) patterns were recorded on a Thermo Scientific ARL
XTra diffractometer operating at 40 kV and 40 mA using Cu Ka
radiation (1 = 1.5406 A). The sorption isotherms were measured on a
Belsorp Mini apparatus, operating at 77 K. Before the measurements,
samples were dried for 4h at 80 °C in dynamic vacuum. All X-ray
photoelectron spectroscopy (XPS) measurements were recorded on a
S-Probe XPS spectrometer from Surface Science Instruments (VG) with
monochromated Al (1486 eV) exciting radiation. Powder was
positioned on the holder using conducting tape. In order to minimize
charging, an electron flood gun of 3 eV was used as a neutralizer. All
spectra were calibrated toward a C Is peak position of adventitious
carbon at 284.6 eV. For elemental mapping, a field-emission scanning
electron microscope (FEI Quanta 200) operating at low vacuum was
used, equipped with an energy dispersive X-ray spectrometer (EDX).
Samples were measured with an electron beam accelerating voltage of 15
kV. Bright-field scanning transmission electron microscopy (BF-STEM)
and EDX measurements were performed on a JEOL JEM-2200FS high-
resolution STEM equipped with an EDX spectrometer with a spatial
resolution of 0.13 nm, image lens spherical aberration corrector,
electron energy loss spectrometer (filter), and field-emission gun (FEG)
operating at 200 keV.

Spectroscopy. Solid-state ultraviolet/visible light (UV/vis) measure-
ments were done on a Varian Cary 500 dual-beam UV/vis/NIR
spectrophotometer using an internal 110 mm BaSO,-coated integrating
sphere. Liquid experiments were carried out in solvent (dimethylforma-
mide) on a PerkinElmer Lambda 900 UV /vis/NIR spectrometer. For
both emission and excitation photoluminescence spectra, a FS920 of
Edinburgh Instruments was used. A high-pressure xenon arc lamp of 450
W was used as light source. The excitation wavelength was selected
through a double excitation monochromator.

Empirical Model for Charge State Transition Levels. Lanthanide
ions show similar properties irrespective of their chemical environ-
ment.*® When incorporated as impurities in a given host material, a
typical zigzag curve can be constructed for their charge state transition
levels as a function of the 4f occupation number using the energies of the
charge transfer bands observed in experimental spectra. This method-
ology is reviewed in refs 31—33 and is known to give transition level
locations of lanthanide impurities in inorganic crystals within accuracies
of a few 100 meV. Recently, an extension of the empirical rules was
proposed toward titanium.>’

Computational Details. In addition to the empirical model used to
construct the Ln charge state transition levels, we also opted to further
unravel the electronic properties of a carefully selected subset of samples
by using DFT and time-dependent DFT (TDDFT). Because excited
state calculations on periodic systems are still challenging within current
computational models, we first performed TDDFT calculations on
some well-defined clusters. These calculations allowed us to study the
possible excitations and yielded qualitative information on the orbitals
involved. Afterward periodic DFT calculations revealed the ground state
band structures of the pristine UiO-66, UiO-66(Ti), UiO-66(Hf), and
UiO-66(Ce) material. Since the behavior of Ln ions is notoriously
difficult to predict with DFT, we only performed UiO-66(Ln)
calculations with Ce*". Because Ce*' contains no 4f or 5d electrons,
the electron correlation is limited and DFT has been shown to provide
reasonable qualitative results.>**’

Calculations on Cluster Models. Calculations on cluster models
were performed in Gaussian09*® using DFT and TDDFT on a series of
simplified model systems. Both clusters with stoichiometry
Zre_.X,0,(0OH), (HCOO),, and Zr4_,X,0,(0OH),
(HCOO),,(HBDC), were used to investigate the influence of the
dopant ion. Previous research*' has shown that the combination of the
B3LYP*** functional with a triple-{ Def2TZVP basis set* is a good
choice for these cluster calculations and hence we applied the same
settings in this work. Geometry optimization of the clusters was
performed on the same level.

Two types of calculations were performed. In order to mimic the
cluster after excitation and LMCT of the framework, we performed
ground-state DFT calculations on the model cluster with one extra
electron.” In this way, the system is forced in a doublet spin state and a

5465

charge of —1. This allowed us to look into the ideal case where the
electron efficiently transfers to the inorganic node, and to study the
potential preferential sites in these nodes for the electron to reside.
Actual modeling of excited states is computationally much more
demanding. TDDFT within its linear-response formulation offers a way
to calculate vertical transition energies, which can be linked to
experimental UV/vis spectra.*™** To visually improve the similarity
with the experimental spectra, a Gaussian distribution (¢ = 0.4 eV) was
used to broaden the theoretical transition energies.

Periodic Models. Periodic calculations were performed on a 4-node
unit cell within the VASP package,*”*° using the Projector Augmented
Wave approach (PAW)>" with the recommended high-precision VASP
5.4 GW PAW potentials’> and the PBE functional.”® The plane-wave
basis set had a kinetic energy cutoff of 700 eV, and aI"-only grid was used
to sample the first Brillouin zone. The equilibrium volume was obtained
using a Rose-Vinet equation-of-state fit (9 points between —4 and 4% of
the equilibrium volume),** and the structures were relaxed at this
volume. An ionic energy criterion of 10~ eV was used for all relaxations,
and an electronic convergence criterion of 107 eV or 1077 eV was
applied for the equation of state points and equilibrium structures,
respectively. Densities of states (DOS) were calculated using a I'-
centered 2 X 2 X 2 grid and a 107 eV electronic convergence threshold.

B RESULTS AND DISCUSSION

The first part of this work provides an overview of our
experimentally produced UiO-66 samples and describes their
synthesis and structural characterization in detail. Second,
spectroscopic techniques are used to probe the electronic
structure of the samples. Using these experimental data, we then
reconstruct the typical lanthanide “zigzag” curve of the (2+/3+)
and (3+/4+) charge state transition levels relative to the UiO-66
band diagram. Finally, we use DFT calculations on cluster and
periodic models to obtain more insight in the charge transfer
processes in titanjum- and lanthanide-doped materials.
Synthesis and Structural Characterization. We doped
UiO-66 with S different lanthanide and transition metal ions
using a postsynthetic cation exchange method (see Table 1).
Postsynthetic cation exchange is a technique that allows the
modification of existing stable materials and the production of
systems with otherwise unreachable compositions.”"** It is
only in the past decade that the cation techniques applied to
other inorganic materials®*~** came into use within MOF
chemistry. We used a microwave-assisted approach inspired by

Table 1. Overview of Samples Studied in This Work”

sample name metal ion concentrations linker
Ui0-66 100% Zr* BDC
Ui0-66(Ce) 100% Ce** BDC
Ui0-66(Ce)-fum 100% Ce** Fum
Ui0-66:Ce* 1-5% Ce** BDC
Ui0-66-NH,:Ce* 1-5% Ce* BDC-NH,
Ui0-66:Nd*>* 1-5% Nd** BDC
Ui0-66:Eu® 1-5% Eu’* BDC
Ui0-66:Yb** 1-5% Yb** BDC
Ui0-66:Ti* 5% Ti* BDC
Ui0-66-NH,: Ti** 5% Ti* BDC-NH,

“Doped samples are indicated as UiO-66:X"". Ion concentrations are
obtained by fitting of the (TEM/SEM)-EDX results and are prone to
large errors. However, similar loadings were obtained for all samples.
The loading of the UiO-66:Ti*" was verified via inductive coupled
plasma optical emission spectroscopy (ICP-OES). BDC stands for
benzene-1,4-dicarboyxlic acid, BDC-NH, is 2-amino-benzene-1,4-
dicarboxylic acid and fum represents fumaric acid. Note that UiO-
66-fum is more generally known as MOF-801.>
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Figure 2. BE-STEM EDX profiles of Ce atoms (green) and Zr atoms (red) within a UiO-66:Ce** sample.

Tu et al,'” which compared to a conventional solvothermal
approach allows for a drastic reduction in synthesis time from
about a week to only a few hours to obtain a similar loading. We
based our procedure on this doping strategy and extended its
application to the incorporation of lanthanide ions as dopant in
the framework.

A thorough experimental characterization was performed for
all samples shown in Table 1, and the data are provided in
Supporting Information (section S2). Our measurements show
that after the cation exchange, all samples retained their
crystallinity and porosity. Moreover, the shift of the low-angle
diffraction peaks and the fact that no new peaks are observed in
the XRD diffractogram seem to suggest that dopant ions are
included on a Zr site and that no other Ti—O or Ln—O species
are formed. However, whether dopant ions are inserted on a Zr
position in the metal node or are adsorbed at a defect site is still
subject to much debate.”” Direct proof is very hard to obtain, and
this matter remains open for discussion. Nitrogen sorption
measurements (see Supporting Information) confirm that the
UiO samples preserve a high surface area, but a partial blocking of
the pores by adsorbed metal precursors cannot be a priori
excluded. A combination of the two effects may also occur.

The distribution of the dopant ions was verified using BF-
STEM EDX measurements. Figure 2 shows that the Ce*" ions are
distributed quite homogeneously and no cluster formation is
observed. We however notice that some surface enrichment can
be seen, probably due to diffusion limitations of the precursor in
the material. Similar measurements were performed on Eu**- and
Yb**-doped samples (see Figures S2 and S3). In the following
sections, our focus will be mainly on the Ce*'- and Eu**-doped
materials. This gives sufficient information to construct the
charge state transition zigzag curve for both (2+/3+) and (3+/
4+) transitions. Results will be compared to either experiments
or DFT calculations on pristine UiO-66 and Ti- or Hf-containing
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materials. For completeness spectra of all doped samples are
provided in the Supporting Information.

Spectroscopy. UV/vis and photoluminescence (PL) meas-
urements were performed to probe the electronic structure of the
UiO materials. The former give information on direct transitions,
directly related to the band gap of the material. Interpretation of
the latter is more involved, since excited-state relaxations and
intersystem conversions can occur before a photon is emitted by
the material. Combination of the two techniques allows to
understand the electronic structure of the materials on a
fundamental level and provides the necessary information for
the construction of the Ln zigzag curve.

UV/Vis Measurements of Doped UiO-66:X"™*. When assessing
the electronic properties of photoactive doped UiO materials, it
is instructive to compare the new materials to the known
titanium-doped UiO-66. Figure 3 shows the UV/vis Kubelka—
Munk function obtained from diffuse reflectance measurements
for pristine UiO-66 and UiO-66:Ti*" and for their amino-
functionalized counterparts. As was previously established, the
amine group of the linker-functionalized material has a large
effect on the absorption edge (region B in Figure 3).*' In
comparison, the introduction of Ti leads to a shift and
broadening of the UV edge due to the strong Ti—O—Zr
interactions (region A in Figure 3). The interaction of the metal
node with the linker also leads to a shift of the NH, absorption
for the amine-functionalized materials (region C in Figure 3).
The influence of the nearby metal node on the absorption
maximum of the linker (regions A and C) has been observed in
literature***® and will be discussed in more detail later in the
“Computational Assessment” section of this work.

Figure 4 shows the UV/vis spectra of UiO-66:Ce*" and UiO-
66-X(Ce) (X = BDC and fumaric acid (fum)) compared to
pristine UiO-66 and UiO-66-NH,. UV /vis spectra of the other
lanthanide-doped materials are provided in the Supporting
Information. We find that independent of the chosen linker
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Figure 3. UV/vis spectra in Kubelka—Munk units of pristine UiO-66
and UiO-66-NH, materials compared to Ti-doped frameworks. Band A
shows how the excitation of the aromatic system is influenced by the
metal node. The black arrow indicates the shift caused by the changing
environment of the linker. Band B corresponds to the absorption of the
NH, group. Band C shows the change in the NH, absorption due to the
interaction with Ti. Here again, the arrow indicates the shift caused by
titanium.

wavelength (nm)

800 700 600 500 400 300
T T T T ; -
| — Uio-66 ) \(I:.(Z'absorpnon |
- - UiO-66-NH,» : NH, absorption
r — Ui0-66(Ce) 1 1
| -- Ui0-66(Ce)-fum ! |
— Ui0-66:Ce** I
~—~ |} 1 4
& '
ST 1] i

Ce** charge
transfer

1.5 2.0 4.5

energy (eV)

Figure 4. UV/vis spectra in Kubelka—Munk units of a series of different
Ce* UiO samples compared to pristine UiO-66 and UiO-66-NH,. For
the nomenclature, see Table 1.

(fumaric acid or BDC), the absorption edge of UiO-66-X(Ce) is
the same. This indicates that the main absorption in this material
is due to a node-based transition rather than a linker transition
like in pristine UiO-66. Moreover, the change in band gap is
coincidentally about the same as induced by addition of a NH,
functional group to the linker. We will show in the “Computa-
tional Assessment” section that this is because insertion of cerium
in the inorganic node introduces a new band within the band gap
of the pristine UiO-66, similar to what happens in amino-
functionalized UiO-66.

Contrary to the pure cerium materials, the doped UiO-66:Ce**
shows an edge at 4 eV. This transition is similar to the one in
pristine UiO and corresponds to the BDC linker. However, a new
broad band arises in the spectrum, starting at 2.5 eV, which we
attribute to a charge transfer process. This band is most likely due
to the O*"—Ce** LMCT process, and we will refer to the
corresponding energy as Ecr to avoid confusion with Ejycr as
defined in Figure 1 (Ecr = Egyp + Epyer With Epyer < 0 for UiO-
66:Ce*"). The position of this band will be used to construct the
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charge state transition level curve for the (3+/4+) transition
further on.

Photoluminescence Measurements. Eu®" represents one of
the spectroscopically most investigated lanthanide ions due to its
characteristic red luminescence lines.”’ A typical Jablonski
diagram of a generic Eu*"-doped material is presented in Figure
S and shows the different pathways that can occur after

S _ —
M =
SDJ 2
o ——!
7FJ 6
s, LY EO
linker Eu®*

Figure S. Simplified Jablonski diagram showing the energy transfer
processes in a generic Eu**-doped material. Solid lines indicate the
absorption or emission of a photon and curved lines are nonradiative
transitions.

absorption of a photon by the material. The excited linker can
quickly decay to its ground state (fluorescence) or the electron
can be transferred via an intersystem crossing to a triplet state
and then to the Eu®" impurity. From there it decays to different
low-lying Eu®* levels, giving rise to characteristic peaks in the
emission spectrum.

Figure 6 shows the emission and excitation spectra of the UiO-
66:Eu’* sample. The red line shows a broad linker emission band
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Figure 6. Emission and excitation spectrum of UiO-66:Eu** measured at
230 K.

ranging to about 550 nm (see Supporting Information section
S3) followed by the characteristic Eu** intraconfigurational 4f°
lines.”"> By measuring the excitation spectrum for emission at
wavelengths in these two different regions, we can investigate the
mechanisms leading to this specific emission. At 460 nm, only
linker emission is found and no Eu®* emission. The excitation
spectrum for emission at this wavelength hence shows the
characteristic broad band absorption which is also observed for
pristine UiO-66 (Supporting Information section S3) and which
corresponds to photon absorption of the linker followed by
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fluorescent decay. If we however look at the spectrum measured
at an emission of 615.5 nm, corresponding to the D, — "F,
transition of Eu®', then more features arise. The narrow lines
correspond to direct excitation channels of the Eu atoms with
following fluorescent decay. In addition, we observe a broad band
which we associate with a charge transfer band. We attribute this
excitation to the O>"—Eu®" CT and the value of the edge (300
nm, 4.1 eV) will be used to position the (2+/3+) transition levels
of all other lanthanides in the next section.

Charge State Transition Levels. The limited sensitivity of
lanthanides to the chemical environment leads to a systematic
behavior of various physical properties across the lanthanide
series, resulting in a typical zigzag curve. Such curves are often
constructed in Ln-doped oxides to predict the charge state
transition energies of the whole series by means of only a few
experimental data points. These levels are usually compared to
the band edges of the host electronic structure (host-referred
binding energy, HRBE). The CT offset obtained from the UV/
vis data positions the Ce(3+/4+) level at 2.5 eV with respect to
the HOCO. The position of this data point fixes the relative
energies of the other lanthanides (black line in Figure 7).
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Figure 7. Overlay of the band diagram of UiO-66 (gray) with both the
(3+/4+) (black dots) and (2+/3+) charge state transition levels (blue
squares) for the lanthanide series incorporated as impurities in the UiO-
66 host. Elements with a potentially interesting transition level for
photocatalysis are printed in bold. The curves are calibrated using the
CT absorption edges obtained for UiO-66:Ce** (3+/4+) and UiO-
66:Eu®* (2+/3+) as indicated by the red arrows. Titanium can also be
included using a recently proposed expansion of the empirical model.*”
Values are referred to the vacuum (VRBE, vacuum-referred binding
energy) or relative to the host material (HRBE, host-referred binding

energy).

Positioning of the (2+/3+) transition curve was possible from
the PL measurements performed on UiO-66:Eu**. The
associated CT was found to occur at 4.1 eV, which fixes the
Eu(2+/3+) charge state transition energy and as a result the
complete (2+/3+) curve (blue line in Figure 7). Rogers et al.
moreover found that the Ti®**/**) transition level can be found at
approximately the same binding energy value as the Eu®*/>")
transition level.”” Because of the relevance of Ti-doped UiO-66,
this transition level was also added to Figure 7.

Note that the Coulomb correlation energy U, defined as the
difference between two successive charge state transition levels,
amounts to 6.87 eV for Eu. This is a typical value for Eu in oxides
(e.g., Dorenbos et al.®®), which confirms our correct
interpretation of the excitation/emission spectra. We can
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moreover use U to determine the vacuum level in the band
diagram via the chemical shift of Eu?*.*" It allows the expression
of all binding energies relative to this value (vacuum-referred
binding energy, VRBE).

From the diagram in Figure 7, it is observed that the TiG+/4)
level and hence the CT of Ti*" is resonant with the material’s
HOCO-LUCO gap, explaining the improved electron mobility
of UiO-66:Ti*" after excitation. The overlap between the Ti(**/+")
level and the LUCO of UiO-66 is believed to be the cause for the
increased photocatalytic activity for UiO-66:Ti*", since an
excited electron of the linker has sufficient energy to move to
the dopant ion. Following the same reasoning, all Ln ions with
(3+/4+) or (2+/3+) charge state transition levels near or below
the UiO-66 LUCO region could potentially be the target of an
LMCT process upon excitation of the UiO host (e.g., Pr, Sm, or
Tb). In order to validate this assumption, the transfer is
investigated in the next section via absolute luminescence
intensity measurements. Furthermore, DFT calculations will be
performed on Ti- and Ce-doped samples to corroborate our
findings.

Absolute Intensities. From the PL measurements, we know
that the unfunctionalized linker shows a broad band emission
centered around 400 nm (see Supporting Information section
S3). This band is due to the recombination of the exciton,
centered on the linker, with emission of a photon. The doped
UiO materials aim to impede this direct recombination pathway
by inducing energy transfer to the metal ions. The opening of the
new decay channel competes with the direct recombination,
resulting in a decrease of the linker emission band. The more
efficient the LMCT process, the stronger the reduction of the
linker emission, offering a method to assess the efficiency of the
energy transfer via LMCT.

The most simple semiquantitative method to compare
absolute emission intensities of powder samples consists of
measuring an “infinitely” thick sample. This is done by using a
filled cup that is placed in the standard PL setup. Since the
incident light beam illuminates the entire sample, the emission
can be compared among different samples in the same setup.

Table 2 shows the integrated intensities of the linker emission
band of the different doped UiO samples. They are normalized to

Table 2. Integrated Intensities of the Linker Emission Band
between 350 and 500 nm Excited at 300 nm*“

sample integrated intensity (%)
Ui0-66 100
Ui0-66:Ce* 6
Ui0-66:Nd>* 71
Ui0-66:Eu®* 12
Ui0-66:Yb** 14
Ui0-66:Ti* 31

“The results are normalized to the UiO-66 emission.

the pure UiO-66 emission and are based on the emission spectra
provided in Supporting Information (section S3). One can
observe that by doping the material, the resulting linker emission
diminishes, suggesting that it is now in competition with
alternative pathways. We see that Ti**, Eu**, Yb*, and Ce*" all
lead to a drastic decrease in intensity. For Ti and Eu, we already
discussed their beneficial influence on the charge transfer
pathway in UiO-66. Indeed, Table 2 corroborates that an
efficient LMCT can take place and the emission intensity drops
substantially. For the Ce** sample, almost a complete loss of the
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Figure 8. Cluster models of ZrsO,(OH),(HCOO),, (left), ZrsHf O,(OH),(HCOO),, (middle, Hf is the top metal atom), and
ZrsTi;0,(OH),(HCOO), (right, Ti is the top metal atom) calculated at the BALYP/DEF2TZVP level with a —1 charge and doublet spin state.
The models show the localization of the additional electron on the titanium 3d shell (right).

emission peak is found. This could also be attributed to a fast
energy transfer but possibly followed by fast energy dissipation
via nonradiative pathways, for which Ce* is notorious.””*®

We also have a look at the other lanthanides not thoroughly
discussed in the previous sections. About the same drop in
intensity as for Eu’* and Ce*" can be found for Yb*". Figure 7
shows that the interband transition of the host material resonates
with the (2+/3+) charge state transition level of the Yb ion,
opening a decay pathway via this channel and hence lowering the
linker-based emission peak. However, incorporation of Nd**
leads to a much smaller decrease in intensity. This behavior is
because the Nd(+/3*) charge state transition occurs at a too high
energy with respect to the LUCO (Figure 7), implying that a Nd
charge transition will likely not occur.

Figure 7 shows that many more possibilities arise for an
efficient LMCT, since Sm and Tb also show charge state
transition levels within the UiO-66 band gap. Further
investigation of the different Ln-doped UiO-66 materials can
yield more insight in the decay pathways and could lead to
materials with improved luminescent properties or increased
photocatalytic activity. However, as the results show, the
resonance of the Eu or Yb charge state transitions with the
HOCO-LUCO energy gap indicates that these doped materials
would be first of choice for a further study.

Computational Assessment. In order to gain more insight
at a fundamental level, a selected subset of the samples was
assessed from first principles. Excited-state calculations are still
challenging for periodic systems, so we performed TDDFT
calculations on some well-defined clusters. We focused on
isovalent dopant ions (Ti or Hf), which do not offer
computational difficulties and may serve as a reference. In
addition, ground state calculations were used to simulate
isovalently substituted UiO-66 with a single negative charge
(and doublet spin state). This model represents the cluster after
charge transfer from the linker. Observation of the singly
occupied molecular orbital (SOMO) then yields insight in the
localization of this excess negative charge. Periodic data are
presented afterward and offer insights in the ground state
electronic structure, which can be qualitatively linked to the
observed changes in the experimental data.

Cluster Models. First, we performed calculations on a series of
simplified cluster models, consisting of one inorganic node
terminated with formic acid. These clusters result in a total
stoichiometry of Zrs_,M,0,(OH),(HCOO);, (M = Ti* or
Hf*). Three particular geometries are shown in Figure 8. The
SOMO of both the pristine Zr node (left) and a Hf-doped one
(middle) indicate that an extra electron is uniformly distributed
over the whole node. If we however insert a titanium atom
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(right), then the electron is localized on the empty 3d orbitals of
the Ti atom.

Even though these small clusters do not contain any aromatic
linkers, and are therefore severely simplified model systems,
inspection of the TDDFT spectra shows some interesting results
(Figure 9). The Hf-doped node shows an almost identical
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Figure 9. TDDFT spectra for simple formic acid terminated clusters
with 1 or more Zr replaced by Hf of Ti. The arrow indicates the new
peak rising as a function of the number of Ti atoms in the cluster and
corresponds to an O*"-Ti*" excitation.

spectrum as the pristine Zr node. In contrast, a peak arises around
320 nm caused by the inserted Ti. As the number of Ti atoms in
the cluster increases, both the oscillator strength of this transition
and the absorption in the spectrum rise. Closer investigation
learns that it concerns a transition from oxygen-centered p-
orbitals (oxygen from the formate anions) toward the Ti 3d
orbitals. It can be linked to the shift observed experimentally in
the A region of Figure 3. Moreover, the predicted position of this
CT band agrees well with both experimental (Figure 3) and
empirical results (Figure 7). As a final remark, it should be noted
that the 100% titanium UiO has not yet been synthesized as such
and has to be considered as a limiting case.

The simple cluster models allow to identify the absorption
pathways that arise upon doping the UiO material. However, the
artificial replacement of the linkers by formate anions results in a
loss of linker states and is thus a severe approximation. We
therefore studied more complex Ti-containing clusters, in which
two formate capping molecules were replaced by BDC linkers,
terminated by a hydrogen to secure charge balance. Since much
interest has gone to the amine-functionalized variants, showing
an even larger increase in photocatalytic activity, we also include
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an amine-modified cluster model in our calculations. The general
cluster structure is shown in Figure 10 (inset), where atom X
indicates the dopant and the R-group can be H or NH,. The
resulting spectra are shown in Figure 10.

energy (eV)
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Figure 10. TDDFT absorption spectra (B3LYP/6-311+G(d,p), 30
states) for extended cluster models. The basic cluster model has a
stoichiometry of Zr;XO4,(OH), (HCOO),,(BDC-R), with R = H and
NH, and X = Zr and Ti (inset). The meaning of shaded regions A, B, and
C is described in the text.

We notice that the results are qualitatively similar to those of
Figure 9. A more detailed view on the three main features in the
spectrum can be obtained by considering the related orbital
transitions (see Figure 11). Region A of Figure 10 corresponds to
the classical HOMO—-LUMO excitation of the linker. The shift
of this peak upon inclusion of a titanium atom agrees with the

shift of absorption edges observed experimentally (indicated as
region A in Figure 3). In region B, the BDC-NH, absorption
arises as a small peak just below 400 nm, and there is a clear
absorption caused by the included Ti. In this transition the most
important contribution to the orbitals is moved from the p-
orbitals of the oxygen atoms of the surrounding carboxylate
groups to the Ti 3d orbitals (Figure 11B). This transition is
similar to the one observed in the small cluster models shown in
Figure 9. Finally, region C in Figure 10 contains a feature only
observed in the amino-functionalized material. It shows a
transition between the aromatic ring of the linker, more
specifically the HOMO of the complete cluster, and a Ti 3d
orbital. This transition only occurs when both an amine group
and a Ti atom are present in the system. The existence of such a
long-range charge transfer gives an indication as to why amine-
functionalized UiO-66:Ti** shows the largest photocatalytic
activity in literature.”*>> These TDDFT findings therefore
corroborate DFT calculations by Santaclara et al. for the situation
where a Ti ion was grafted to a linker vacancy.”

Periodic Models. Further insight can be obtained by using a
periodic model. We performed periodic DFT calculations of
isovalently substituted UiO-66 and UiO-66(Ce). Figure 12
shows the DOS for the four considered structures, consisting of
pure Zr, Hf, Ti, or Ce nodes. Pure UiO-66(Ti) has again to be
considered as a theoretical limit. Note that although PBE is
known to underestimate band gaps, it has been observed to
reproduce trends correctly for UiO-66-type materials.*" This is
further confirmed by single-point HSE06 calculations®*®” for
Ui0-66(Ti) and UiO-66(Ce) (see Supporting Information).

As shown by Figure 12, the DOS of the Zr and Hf material
show almost no difference, since the electronic characteristics of
the bare ions are very similar. This behavior was also found

Figure 11.
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Orbitals contributing to the three main excitations observed in the spectrum of Zr;TiO,(OH),(HCOO)((BDC-NH,), (see Figure 10).
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Figure 12. Total (gray) and projected (red, green, blue and yellow) density of states of (from top to bottom) UiO-66(Ti), UiO-66(Zr), UiO-66(Hf)
and UiO-66(Ce). The energy is expressed with respect to the Fermi energy (Eg = 0).

experimentally by Nasalevich and co-workers”” and using cluster
calculations in the previous section. However, introducing
titanium in the metal node alters the LUCO states of UiO-66.
It introduces 3d states that are sufficiently low in energy to go
below the linker-based band forming the LUCO of the pristine
UiO-66. The overlap between the Ti 3d and the linker orbitals
suggests better charge transfer possibilities and explains why an
increased photocatalytic activity is observed for Ti-containing
UiO-66. Note that Santaclara et al. reported that adsorbing Ti
onto a linker vacancy would improve the activity even further.*’
Periodic calculations on UiO-66(Ce) show the appearance of a
broad band within the original UiO HOCO-LUCO gap. This
band consists of the 4f orbitals of the Ce ions. In the Ce*" state,
these orbitals are completely empty and hence form the new
LUCO of the material. The LUCO therefore changes from
ligand- to metal-based, similar to Ti-doped UiO-66, although no
energetic overlap between the new and original LUCO states is
now observed. Coincidentally, the Ce gap state appears at a
similar energy from the HOCO as the state introduced by an
amine group in UiO-66-NH, from the LUCO."' However,
although the effect on the overall band gap is comparable (see
Figure 4), both excitations are physically different. The amine
group gives rise to a completely filled band and therefore creates
a new HOCO state. This results in linker-based absorption. In
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contrast, cerium brings down the LUCO state and excitation
occurs to a cerium level.

The observed Ce f band can be qualitatively linked to our
previously obtained results. The occurrence of 4f levels in the
band gap of UiO-66 indicates that Ce can take different charge
states depending on the Fermi level location and that a charge
transfer transition, measurable by optical spectroscopy, is to be
expected. Indeed, the empty 4f band within the band gap of the
pristine UiO-66 is energetically reachable for an electron that has
been excited to the linker LUCO via an energy transfer process.
The broad band observed in the absorption spectrum of Figure 4
was already attributed to this charge transfer channel. A charge
state transition level must therefore be present in the band gap.
The predicted location of the 4f band shows a good
correspondence with the thermodynamic (3+/4+) charge state
transition level, which was also used to construct Figure 7. The
location of the Kohn—Sham single-particle levels (Figure 12) is
not exactly the same as the location of the charge state transition
level. This is however not to be expected given their different
physical meaning.ég_71

B CONCLUSION

Lanthanide MOFs represent an interesting class of materials with
specific electronic properties exploitable for luminescent and
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photocatalytic applications. Unfortunately, pure Ln-MOFs are
notoriously unstable and difficult to synthesize. In this work, a
simple microwave-assisted synthesis methodology was proposed
for the fast incorporation of transition metal and lanthanide
cations in the robust UiO-66 material, giving rise to an entire new
set of highly stable materials with unprecedented electronic
properties. Combining spectroscopic data with computational
results allowed to understand the changes in electronic structure
of the different materials in a synergistic way.

By using experimentally observed CT values in Ce- and Eu-
doped UiO samples, the (2+/3+) and (3+/4+) charge state
transition levels were predicted for the entire Ln series,
displaying a zigzag curve with respect to the band structure of
the host material (see Figure 7). Absolute intensity measure-
ments confirmed this model, showing that for dopants with
transition levels resonant to the HOCO—LUCO gap of UiO-66
an extra decay pathway becomes available. Further confirmation
was obtained using DFT calculations. For isovalently substituted
samples, only Ti shows a CT pathway. This is because Ti 3d
levels overlap energetically with the linker LUMO state while Hf
and Zr states only occur in a higher energy range. For Ln-doped
materials, cerium insertion in the node introduces an empty 4f
band within the pristine UiO-66 band gap, which also gives rise to
CT. Similar charge transitions were observed for Yb and Eu. We
therefore propose these Ln-based materials as prime candidates
in catalytic studies. Moreover, the general applicability of our
synthesis procedure combined with the stability of the proposed
materials may encourage researchers to conduct further studies
and open up a new chapter in Ln-MOF luminescence and
photocatalytic studies.
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