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Metal organic frameworks (MOFs) are increasingly used in applications that rely on the optical and
electronic properties of these materials. These applications require a fundamental understanding on how
the structure of these materials, and in particular the electronic interactions of the metal node and
organic linker, determines these properties. Herein, we report a combined experimental and
computational study on two families of lanthanide-based MOFs: Ln-SION-1 and Ln-SION-2. Both
comprise the same metal and ligand but with differing structural topologies. In the Ln-SION-2 series the
optical absorption is dominated by the ligand and using different lanthanides has no impact on the
absorption spectrum. The Ln-SION-1 series shows a completely different behavior in which the ligand
and the metal node do interact electronically. By changing the lanthanide in Ln-SION-1, we were able to
tune the optical absorption from the UV region to absorption that includes a large part of the visible
region. For the early lanthanides we observe intraligand (electronic) transitions in the UV region, while for
the late lanthanides a new band appears in the visible. DFT calculations showed that the new band in the
visible originates in the spatial orbital overlap between the ligand and metal node. Our quantum

calculations indicated that Ln-SION-1 with late lanthanides might be (photo)conductive. Experimentally,
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can generate hydrogen from a water solution using visible light. Our experimental and theoretical

DOI: 10.1039/d0sc00740d analysis provides fundamental insights for the rational design of Ln-MOFs with the desired optical and
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systematic changes in the chemistry impact the performance or
functionality of these materials. While a large body of research

Introduction

Metal-organic frameworks (MOFs) have now acquired a prom-
inent position in the literature owing to their ability to form
porous extended networks, with record breaking surface areas,*
low crystal density,> and their potential in practical applications
such as gas storage and separation.’” The inherent tunability of
these versatile crystal structures make them an ideal play-
ground to obtain a fundamental understanding of how
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has been directed to gas separation and storage, less attention
has focused on the optical and electronic properties of MOFs.
Insights in these properties is of importance to rationally design
MOFs with specific functionalities for emerging applications
such as (photo)catalysis,*® sensing,”** non-linear optics,
ferroelectricity,'® magnetism,"”** and conductivity.****

In this work, we focused on lanthanide MOFs (Ln-MOFs).
Since the first observation of Ln(u) fluorescence induced by
energy transfer from an optically active material,> lanthanides
opto-physical properties have been extensively studied for
application in chemosensoring, optical fibers, and fluorescence
microscopy.**® Their unique properties are a consequence of
their electronic configuration. In the most common oxidation
state, 3+, lanthanides can be considered as a closed-shell inert,
isolated ion:*® the 4f valence orbitals are compact in space and

8 9-13 14,15

interact little with the external environment. In the presence of
optically active components (ligands or the matrix in which they
are embedded), the excitation may be transferred via energy
transfer to the empty f orbitals of Ln(m), from which the

This journal is © The Royal Society of Chemistry 2020
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radiative decay to lower lying f orbitals will take place. This
effect, called the antenna effect, is exploited in the most common
Ln(m)-based materials applications. f-f transitions are allowed
by the spectroscopic selection rules, with each lanthanide ion
giving rise to a different and specific emission spectrum. This
rooted the idea that the optical properties of Ln atoms can be
understood in isolation. Indeed, given the interest for the Ln(m)
luminescence, most studies focus on understanding the f-f
transitions. Only a few studies focus on other excitations such
as ligand-to-metal-charge-transfer (LMCT), metal-to-ligand-
charge-transfer (MLCT), or metal-to-metal-charge-transfer
(MMCT),>** but even these studies are discussed in relation
with the f-f transitions (e.g., sensing).

The optical properties of lanthanide compounds are there-
fore usually rationalized based on the notion that the light
absorption is fully localized on the ligands and the emission on
the lanthanide metal. This is not ideal for all applications. For
example, in photocatalysis, we aim to engineer a material that
acts not just as an antenna, absorbing solar light, but that is
also capable of transferring or localizing the charge (electron or
hole) to an active catalytic site within the material. This will
imply charge transfer from the optically active ligand to the Ln
metal instead of energy transfer. In the present work, we report
a study of two families of Ln(m) MOFs (hereafter named as Ln-
SION-1 and Ln-SION-2) that are chemically equivalent but that
have different structural topologies. We found that for the Ln-
SION-2 series the traditional behaviour of ligand-centered
absorption and isolated lanthanide ions holds. In sharp
contrast, for the Ln-SION-1 series the opto-electronic properties
can be tuned by changing the metal, making this system ideal to
study the metal-ligand interactions.

We have previously reported the mechanism of the trans-
formation of Tb-SION-2 into Tb-SION-1.** In this work, we
report the synthesis of the entire lanthanide SION-1 and SION-2
families together with a study of their optical absorption
properties. In addition, we combine these experiments with
a computational study to rationalize the observations. Our
computational study demonstrates that by carefully selecting
the correct topology and lanthanide/ligand combination we can
engineer a material that absorbs light in a significant propor-
tion of the visible spectrum, that promotes charge transfer from
the ligand to the metal, and that is (weakly) photoconductive.
The focus of this work is to obtain a better understanding of the
metal-ligand interactions in Ln-MOFs, but we also show, as
a proof of principle, that with an appropriate co-catalyst, this
material is also weakly active for photo-catalytic generation of
hydrogen from a water-based solution.

Results and discussion

Structure of Ln-SION-1 and Ln-SION-2

Ln-SION-1 and Ln-SION-2 are synthesised with the same Ln ions
and ligand (2,5-dihydroxy-1,4-benzenedicarboxylic  acid,
H,DHBDC), but differ in their crystalline structures (see Fig. 1).

The synthesis of the Tb version of this material was reported
previously by our group;** in the ESIT we described the synthesis
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Fig. 1 Structures of Ln-SION-1 and Ln-SION-2 derived from the
single crystal measurements: (A) the Ln-SION-1 structure, which
shows a ladder-like chain of alternating lanthanide (green spheres) and
oxygen atoms along the [111] direction (highlighted). (B) The coordi-
nation of the ligand and metal, showing the n':n%mn2-bridging seen
with the —OH groups on the parent H,DHBDC ligand, in addition to
the carboxylate groups, involved in the bonding to the metal. (C) The
Ln-SION-2 structure, which illustrates the contrast to the Ln-SION-1
structure, in that the metal atoms are linked as metal dimers (high-
lighted), and the ligand coordinates exclusively via the carboxylate
oxygen atoms. (D) The coordination of the metal and ligand in Ln-
SION-2, illustrating the binuclear Th,(COO)g cluster inter-connected
by three distinct DHBDC ligands.

method (Section 1.1, 1.2) and characterisation (Section 2, 3.1,
3.2) for the new lanthanides MOFs.

Ln-SION-2 forms a 3-dimensional framework based on
binuclear Ln,(COO); clusters interconnected by three DHBDC
ligands in which the hydroxyl groups do not participate in metal
coordination. In contrast, for Ln-SION-1 (Fig. 1C and D) we
found alternating Ln(m) ions and O atoms, which form 2;-
symmetrical chains running along the [010] direction (Fig. 1C).
The chain resembles a ladder, and within these ladder-like
arrays, two types of ligands are present: the DHBDC ligands
with protonated hydroxyl groups bound to the Ln(m) ion
through a coordination mode identical with the n':n" bridging
ligands in Ln-SION-2, and the fully de-protonated DOBDC with
a n':n*m? bridging mode making use of all O atoms to bind to
the Ln(m). This highlights the primary difference between the
structure of the two series. In Ln-SION-2 the hydroxyl groups of
the DHBDC ligand do not participate in coordination while they
do in Ln-SION-1. As a result, in Ln-SION-2 binuclear metal
clusters separated by linkers are clearly distinguishable,
whereas Ln-SION-1 forms a one-dimensional chain.

Chem. Sci., 2020, 1, 4164-4170 | 4165
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Optical properties

The differences in structure between Ln-SION-1 and Ln-SION-2
have a profound effect on the optical properties. Ln-SION-1 and
Ln-SION-2 display different colours; Ln-SION-2 has a gold
colour, while Ln-SION-1 is red. As both have the same lantha-
nide metal node and linker, their different colour suggests that
both the lanthanide-based metal node and the H,DHBDC
ligand interact with light.

The ligand absorbs primarily in the UV-vis region, and is
yellow in colour; its practical use in photocatalysis would be
significantly enhanced if we could tune the light absorption
more towards the visible part of the spectrum. To achieve this,
one possibility is to promote electronic coupling between the
ligand and the metal node orbitals. This will not only shift the
absorption bands but also induce charge transfer upon excita-
tion. The colour differences between the two series already
indicate that such a coupling can occur in one of the series. One
of the main motivations of this work was to obtain a deeper
understanding of this coupling and how this understanding can
be exploited to tune the optical properties of MOFs.

In Fig. 2 the diffuse reflectance spectra of the different Ln-
SION-1 and Ln-SION-2 MOFs are compared with the free
ligand H,DHBDC. The free ligand displays a strong absorption
band in the UV to visible spectral region up to 470 nm (2.76 eV).
The diffuse reflectance spectrum of Tb-SION-2 displays
a comparable absorption band with that of the free H,DHBDC
ligand; the slight blue shift seen is due to the ligand now being
constrained in the MOF. In Fig. S11} the UV-vis results for the
other lanthanides in the series are presented. These results
show that changing the Ln(ir) within the isostructural Ln-SION-
2 family has very little effect on its absorption properties. This
indicates that the absorption is fully localized in the ligand (for
all Ln) and that there is no mixing between the metal node and
the ligand states.
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Fig. 2 UV/vis spectra of Ln-SION-1, Ln-SION-2 and H,DHBDC. (A)
Tb-SION-2 displays an absorption band comparable to the free
H,DHBDC ligand. Evolution of the visible-light absorption band in (B)
Ce-SION-1, (C) Tb-SION-1, and (D) Lu-SION-1.

4166 | Chem. Sci, 2020, N, 4164-4170

View Article Online

Edge Article

For the Ln-SION-1 family we observe very different optical
absorption behavior. This family also displays the characteristic
absorption band of the ligand at 470 nm, but in addition we
observe an additional absorption band at lower energies
depending on the lanthanide. Fig. 2 shows the appearance of
a shoulder at ~500 nm, and by changing the metal, Fig. S12 and
S131 show that the intensity of this shoulder increases moving
from early (Ce-Gd), Fig. S12,1 to late (Tb-Lu) Ln's, Fig. S13.1
These observations are the most important result of our work:
we can exploit the MOFs flexibility for tuning the light absorp-
tion from mainly the UV region (e.g., Ln-SION-2 and Ce-SION-1),
towards a significant portion of the visible light (e.g., Lu-SION-1
or Yb-SION-1), while promoting charge transfer states from the
ligand to the metal nodes.

Molecular interpretation

To understand these differences in the optical properties of the
Ln-SION-1, and Ln-SION-2 families, it is instructive to discuss
the different scenarios of how the electronic structure of the
ligand and metal can interact (see Fig. 3). Illlumination of photo-
active MOFs promotes an electron from the HOCOs (highest
occupied crystal orbitals) to the LUCOs (lowest unoccupied
crystal orbitals); or in band-structure terms, from the valence
band to the conduction band. From the density of (electronic)
states (DOS), we can obtain the energy gap between the HOCO
and the LUCO. In some cases, this gap estimates the lowest
wavelength in which the materials can absorb light. Fig. 3 shows
the three different scenarios on how the metal node and the
ligand can interact via orbital mixing. Two features need to be
considered to achieve orbital mixing, namely spatial overlap
(top figure) and appropriate energy matching (bottom figure). If
there is appropriate energy matching but poor spatial overlap,
the orbital mixing will still be minor and the orbital energies
will remain the ones of the constituent units, namely the ligand

Orbital mixing
o 9 S ¢ SN
S S S

Electronic band mixing

E a E E
CB CB CB M‘
VB D VB VB

Fig. 3 The different scenarios on how the metal node and linker can
interact to change the optical properties. The bottom view gives
illustrates the projected band structure and the top view the crystal
orbitals. The main result of this work is that we need to fulfilled two
conditions to tune the optical properties: we need that the orbitals are
at the right energy and at the same time a sufficient overlap of these
orbitals in space.

This journal is © The Royal Society of Chemistry 2020
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and the metal node. In such a scenario the optical absorption is
dominated by the ligand. This is what we observed for Ln-SION-
2. The ligand is absorbing in the UV caused by a 7 — =*
transition, and there is no influence of the lanthanide metal; so
that the orbitals are too far apart either in energy or in space for
overlapping.

To extend the absorption towards the visible light, we need
to ensure orbital mixing between the ligand and the metal
centre to stabilize those mixed electronic states and lower the
band gap. For this to happen we need to ensure that the metal
centre and ligand are in sufficient spatial proximity and energy
matching. Fig. 3 shows the scenarios in which an increasing
amount of spatial orbital overlap between the ligand and the
metal orbitals occurs, as well as the 5d and 7* orbital energies
approach. The increased spatial overlapping is caused by the
contraction of the lanthanide ion in the Ln-SION-1 series which
allows the metal-ligand bond distance to decrease. In Ln-SION-
1, the 4f orbitals are continually filled through the series, which
shortens the Ln-O bond and brings the ligand and lanthanide
metal centre in closer proximity, opening up the possibility for
the 5d Ln metal and =w* DOBDC orbitals to overlap. The shift of
the absorption towards the visible light increases from the early
Ln-SION-1, where a little spatial overlapping occurs, to an
optimal overlap of the orbitals for the late Ln-SION-1.

To use such arguments for the design of MOFs it is impor-
tant to quantify the scenarios shown in Fig. 3. For this reason,
we have carried out detailed DFT calculations to determine the
structure and the electronic properties of the Ln-SION-1 and Ln-
SION-2 series.

DFT calculations

Structure. We used the experimental Tb-SION-1 and Tb-
SION-2 structures as the starting point for our geometry opti-
mization. All the calculations were carried out using the solid-
state quantum chemical code Quantum Espresso (version 6.0).
All the geometries were performed at the gamma point using
the semi-local PBEsol exchange correlation functional, using
norm-conserving pseudopotentials with a cut-off of 170 Ry.
Dispersion force corrections were also employed. Further
details can be found in the ESI{ (Section 4).

We have been able to successfully optimize both the Ln-
SION-1 and Ln-SION-2 structures, with Tb-SION-1 and Tb-
SION-2 results in good agreement with the single crystal
experimental data (see ESIT Section 5 for computed cell
parameters). The DFT calculations showed that the SION-1
structure has a lower energy than SION-2 for all lanthanides.
This agrees with the experimental observation of SION-2 being
a metastable structure that upon further heating, undergoes
partial dissolution, and is then reassembled into the thermo-
dynamically more stable SION-1 phase.*” The DFT calculations
of the Ln-SION-1 structure confirmed that the bond length
between the Ln(m) and oxido O atom of DOBDC shortens. The
results of this optimization are summarized in Table S2 in the
ESLT

Electronic properties. For all Ln-SION-1 and Ln-SION-2
MOFs we computed the electronic structures. Fig. 4 shows the

This journal is © The Royal Society of Chemistry 2020
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band structure and crystal orbitals for Tb-SION-2, which is
similar to all other MOFs in the Ln-SION-2 family (see ESIf).
This figure shows that the HOCOs and LUCOs are the 7 and 7*
orbitals of the ligand, respectively. The calculated projected
density of states (pDOS) shows that the conduction band (which
can be associated to the LUCO in orbital terms) has a partial
contribution from the unoccupied Ln (5d) orbitals. However,
there is no noticeable contribution of the Ln (5d) orbitals on the
LUCO, but only from the ligand (7*) orbitals (see ESI{ Section
7). The reason is that the arrangement of ligands and the
binuclear lanthanide clusters in the structure prevents spatial
orbital overlap to occur in SION-2. The lack of orbital mixing
indicates that the optical absorption observed in the diffuse
reflectance spectra of the Ln-SION-2 series is therefore due to an
intra-ligand transition. Our calculations showed that this holds
for the entire Ln-SION-2 series.

The electronic properties of the Ln-SION-1 family are
remarkably different. In Fig. 5 we present the band structure
and HOCO/LUCO orbitals for Ce-, Tb-, and Lu-SION-1 (with the
rest of the Ln-SION-1 series illustrated in ESIT Section 8). Ce-
SION-1 is a typical example of the early Ln, while Lu-SION-1 is
a representative case of late lanthanides, with Tb-SION-1 half
way through the Ln-SION-1 series. The calculated electronic
structure of Ce-SION-1 showed that the HOCOs correspond to
the ligand m orbitals, while the LUCOs have a predominantly Ln
(4f) character. This can also be inferred from the corresponding
projected DOS in Fig. 5. Since the Ln (4f) orbitals are more
compact, they can not overlap in space with the ligand (7*)
orbitals. In contrast, the Ln (5d) orbitals are more diffused,
which allows for some spatial overlapping with the 7* orbitals.
The mixing between the ©* and 5d orbitals in the conduction
band of Ce-SION-1 gives rise to a new w — 7*/5d transition,
which appears in the visible part of the spectrum as a shallow
shoulder at ~500 nm in the absorption spectrum.

When moving through the Ln(m) ion series from Ce to Lu,
the Ln ionic radii decreases due to the filling and weaker
shielding of the inner 4f orbitals. This phenomenon, commonly
known as the lanthanide contraction, reduces the bond length
between the Ln(m) and the oxido O atom of DOBDC ligand and,
as a consequence, increases the spatial overlap between the (7*)
and 5d orbitals within the 1-dimensional chains. The increase
of mixed character in the LUCO orbitals of Ln-SION-1 structure
from Tb to Lu is shown in Fig. 5. This explains the observed
increase of intensity of the visible absorption band in Tbh-SION-1
with respect to Ce-SION-1, and more dramatically in Lu-SION-1
(Fig. 2). For Dy-SION-1 the Ln-O distances are optimal for an
ideal overlap of 5d and m* orbitals, and once this distance is
optimal, no increase in absorption intensity for the late
lanthanides is observed.

Detailed inspection of the optical spectra showed that in all
cases the absorption starts at a comparable wavelength (ca. 575
nm), suggesting an optical gap of ca. 2.1-2.2 eV for the entire
Ln-SION-1 series. This is also what our DFT calculations showed
when considering the lowest T — 7w*/5d transition (see ESIT
Section 9). Note that the optical gap does not correspond to the
HOCO/LUCO energy difference, but to the energy difference
between the w and w*/5d band peaks. Altogether, our results

Chem. Sci, 2020, M, 4164-4170 | 4167
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Fig. 4 Projected density of states (pDOS) and crystalline orbitals of Tb-SION-2. Here, the HOCO and LUCO of Tb-SION-2, which have
respectively  and 7* character, are centered on different DHBDC ligands, lying on crystal planes perpendicular to each other. Color scheme for

the orbital plots: red, O; orange, Tb; black, C.

nicely illustrate that a combined orbital and band structure
analysis is required to study the hybrid organic-inorganic
character of MOFs.

Photoconductivity. Interestingly, the orbitals shown in Fig. 4
and 5 show that the LUCOs in Ln-SION-2 and in early Ln-SION-1
series are located on the ligand. In contrast, for the late Ln-
SION-1 series, the optimal overlap of the ligand and Ln

orbitals results in fully delocalized unoccupied orbitals creating
a continuous path along the [010] direction. Considering that
this delocalisation of the LUCO could promote photoconduc-
tivity, band structure calculations along the [010] direction were
performed. A strong dispersion of the conduction band was
found for Er-SION-1, Yb-SION-1 and Lu-SION-1 (see ESI{ Section
9) which indicates photoconductivity for the late Ln-SION-1. In
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Fig. 5 Projected density of states (pDOS) and crystalline orbitals of Ce-SION-1, Tb-SION-1, and Lu-SION-1. The LUCOs show a mixed Ln(5d)/
DOBDC(rt*) character that increases while moving along the lanthanide series (Ce — Lu). Color scheme for the orbital plots: red, O; orange, Ln;

black, C.
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contrast, no dispersion was obtained for the early Ln-SION-1
structures.

To assess the photoconductive properties of these materials,
current-voltage (I-V) measurements were performed for Ce-
SION-1 and Yb-SION-1 under inert and dark conditions (ESI}
Section 10). The observed non-linear I-V curves are typical of
semiconducting materials, supporting our predictions on
photoconductivity. However, the I-V curves cannot distinguish
the two materials in terms of magnitude and more evidence is
required to characterize their dielectric behaviour.

Further evidence of electron mobility could be provided by
photocatalysis experiments. We therefore tested whether the
material could photocatalytically produce hydrogen, with an
appropriate co-catalyst and sacrificial reagent in a water solu-
tion (see ESIt Section 11). Consistent with a semiconductor like
behavior, Yb-SION-1 was shown to generate detectable amounts
of hydrogen upon visible light irradiation, in contrast to Ce-
SION-1, in which no hydrogen was detected. The absence of
hydrogen production in Ce-SION-1 could be originated in the
inefficient electron mobility and migration to the crystal
surface. In contrast Yb-SION-1 has the highest dispersion band
in the series, associated with a high electron mobility required
to produce H,. Despite not likely being to lead to commercially
viable process, these experimental results do confirm our
theoretical predictions.

Further improvement of the photocatalytic performance
would involve a better understanding of the individual photo
activated processes (e.g., the characterisation of the dynamic of
the excited states), which include the lifetime and mobility of
the charge-carriers and their transfer to the co-catalyst.

Conclusion

In this work, we presented a combined experimental and
computational study of the optical and electronic properties of
two new classes of lanthanides MOFs, Ln-SION-1 and Ln-SION-
2, each having the same linker and Ln but differing in their
crystal geometry. The intriguing aspects of the two classes of
MOFs is that one class, Ln-SION-2, has the traditional behavior
of Ln-materials in which the optical absorption properties are
dominated by the light-active linkers. The behavior of Ln-SION-
1 is completely different; in this material the linker and the
lanthanide do interact through efficient orbital mixing between
the 7w and w*/5d orbitals, which allowed us to tune the optical
absorption properties by selecting different lanthanides.

In addition, this set of experimental data allowed us to
systematically compare the band structure predictions of these
materials. Given that there is little experimental data on these
type systems, this comparison allowed us to demonstrate that
current state-of-the-art DFT calculations can make reliable
predictions of the optical absorption properties of these mate-
rials. From a computational point of view we showed that one
needs to combine band-structure calculations with crystal
orbital analysis to obtain a complete picture of the electronic
properties of these fascinating materials.

That we could confirm experimentally that the late lantha-
nides are weakly conductive is on the one hand an encouraging
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result. On the other hand the fact that we could not make
a quantitative prediction on the conductivity and that we need
experiments to asses this, already indicates where we need to
improve our theoretical understanding.
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