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Introduction

Linker installation transformations in a 2-D rare
earth MOF: increase of the dimensionality and
turn on of the temperature sensing capabilityf

Laoura K. Komodiki,® Nikos Panagiotou, {2° Héléne Serier-Brault {2 *° and

Anastasios J. Tasiopoulos (2 *@

A new family of 2-D 8-connected rare earth (RE) MOFs based on a hexanuclear (RE**)s secondary
building unit (SBU), the increase of the dimensionality through single-crystal-to-single-crystal (SCSC)
linker installation reactions and the turn-on of the temperature sensing capability upon these reactions
are reported. The reaction of RE(NOs)s with 4,4’-(hydroxymethylene)dibenzoic acid (H,BCPM) in the
presence of 2-fluorobenzoic acid (HFBA) in DMF/H,O at 115 °C afforded compounds [REg(us-OH™/
F7)g(BCPM)4(NO3),(H,0O)4], (UCY-17(RE); RE: Y, Gd, Tb, Dy, Ho, Er) which represent rare examples of 2D
8-c MOFs based on a hexanuclear (RE**)g SBU. The excellent quality of single crystals of UCY-17(Tb)
and the distance between the terminal nitrate ions prompted us to investigate the SCSC exchange of
NOsz™ anions by various dicarboxylate ligands aiming to bridge adjacent 2D nanosheets and form 3-D
analogues. These SCSC linker installation reactions afforded a series of 3-D, 10-connected mixed linker
MOFs with the general formulae [REg(puz-OH™/F7)g(BCPM)4(L)(H20)4l, (UCY-17(Tb)/L; HoL = H,BDC (1,4-
benzenedicarboxylic acid), H,ABDC (2-aminobenzene-1,4-dicarboxylic acid), H,FBDC (2-fluorobenzene-
1,4-dicarboxylic acid), and H,NDC (1,4-naphthalenedicarboxylic acid)). The exchanged analogues of
UCY-17(Gd) and UCY-17(Eug osTbg os) were synthesized and the thermometric properties of the latter
were investigated. These studies revealed that there is no thermal evolution of the emission properties
for the pristine MOF UCY-17(EugosTboos) Whereas the exchanged analogues exhibit significant
thermometric properties at higher temperatures (>270 K). The maximum thermal sensitivity of most
exchanged derivatives appears at physiological temperatures and ranges between 300 and 355 K.
Overall, this work proposes a promising strategy for increasing the dimensionality of 2-D MOFs and
controlling the thermometric performances of mixed Eug osTbg g5 MOFs.

topologies.'” A wide range of different metal ions or preformed
metal clusters and organic ligands (with or without functional

Metal-organic frameworks, referred to as MOFs, are a class of
porous materials that have attracted tremendous research
interest' due to their significant potential for practical applica-
tions in different areas such as gas storage and separation,®*
drug delivery,” sensing,* and catalysis.’®"" This stems from
the fact that MOFs exhibit microporous structures with large
surface areas and tunable functionalities, pore sizes and
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groups) can be utilised for the synthesis of MOFs depending on
the targeted application.”® Thus, MOFs with different network
topologies and structural properties can be easily designed
and synthesized, giving rise to materials with a wide range
of different metal ions, organic ligands, secondary building units
(SBUs), functional groups, network topologies, etc., by employing
principles of the molecular building block (MBB) approach.'**
An important evolvement of MOF chemistry was the synth-
esis of a Zr*" MOF based on a hexanuclear [Zrg(ps-O)4(ps-
OH),]"*" SBU, known as UiO-66,'® which opened up several new
research directions in the field. This is because UiO-66 exhibits
significant thermal, chemical and hydrolytic stability.'” One of the
research goals in this area involved the synthesis of analogous
compounds based on a hexanuclear SBU with different metal
ions, which led to a series of RE***® Ce**,** U**?° and Th*"'%*°
MOFs. Among them, MOFs based on polynuclear SBUs with

This journal is © The Royal Society of Chemistry 2024
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RE3+
thermal/chemical/hydrolytic stability and their interesting photo-
luminescence®! and magnetic** properties. Our group is active in
this field and we recently reported a family of 8-connected 2-D
MOFs based on a hexanuclear SBU and 4,4’-sulfonyldibenzoic
acid (H,SDBA) ligand with capability to selectively detect gases of
selected volatile and nitroaromatic organic compounds.”®

Another important synthetic method in the field of MOFs is
post synthesis modification (PSM) which includes the modifi-
cation of the structure of a MOF after it has been synthesized.
It is preferable for PSM to proceed in a single-crystal-to-single-
crystal (SCSC) fashion because in this way direct structural
information can be provided for the achieved structural altera-
tions through single crystal X-ray crystallography. Several types
of SCSC transformations have been reported®! which include
insertion/exchange of organic ligands,>® exchange of lattice solvent
molecules or terminally ligated molecules,*® transmetallation,>
metalation of frameworks,* etc. The main goal in this field is the
improvement or fine-tuning of the magnetic,**>* catalytic,**
sorption,® photoluminescence®® and sensing®” properties as well
as the elucidation of the exact mechanisms of these processes
that could potentially enable further optimization to be
achieved. RE-MOFs have been ideal targets for SCSC reactions
since their photoluminescence, magnetic and sensing proper-
ties can be directly monitored and fine-tuned. Solvent assisted
linker installation (SLI) reactions that proceed in an SCSC
fashion involving the replacement of terminally ligated solvent
molecules or anions by bridging ligands have led to tailored
MOFs with specific pore sizes and internal functional groups
and properties.?*3*3%3% Such SCSC transformations have taken
place in Zr*" and in polynuclear RE** MOFs, leading to the
installation of various dicarboxylic ligands and also in the
improvement of the thermal stability,*® catalytic** and gas
sorption®® properties. These examples included the transforma-
tion of an 8-connected 3-D Zr** MOF to 10-, 11- and 12-
connected 3-D MOFs*****% and a 6-connected 2-D Y** MOF to
a 12-connected 3-D one.*’

Another property that could be modulated through SCSC
transformations of RE** MOFs is their temperature sensing
capability which is based on the photoluminescence response
of lanthanide ions (and organic ligands).*" Significant attention
in this field is focused on Eu-Tb MOF luminescent thermo-
meters, which take advantage of the unique luminescence
properties of the constituent metal ions for accurate and
responsive temperature measurements. Rare earth ions (RE*")
exhibit distinctive luminescence behaviours that change with
temperature, allowing them to serve as the basis for
luminescence-based temperature sensors. The advantages of
using RE-MOFs as thermometers include their high sensitivity,
reversible response, and potential for remote sensing using
luminescence signals.** Despite the fact that there are quite a
few mixed metal RE** MOFs, mainly Eu-Tb ones, that have
been studied as temperature sensors*>™*° the list of hexanuclear
(RE*")s MOFs investigated as photoluminescence thermo-
meters is quite limited."®*” In addition, there are very few
studies investigating the fine tuning of the thermometry

ions, have attracted attention because of their increased
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properties of MOFs through SCSC transformations. We recently
reported on the modulation of the thermometry properties of a
mixed metal Eug 5Tbg ¢5s-ABDC (H,ABDC (2-aminobenzene-1,4-
dicarboxylic acid)) MOF through the replacement of the term-
inally ligated DMF molecules by various terminal or chelating
organic ligands which led to a shift of 50 K of the operating
temperature range of the exchanged analogues compared to the
one of the pristine compound.*® Additional investigations in
this field involved a PSM that led to the turn on of the
photoluminescence and the temperature sensing capability of
a non-luminescent pristine material*® and the study of the
thermometric properties of an Eu** MOF and its guest as well
as the guest and coordinated solvent molecules exchanged
analogues.®® However, there are no studies involving the inves-
tigation of the role of bridging ligands on the photophysical
and/or temperature sensing properties by employing the PSM
method. To achieve this, post synthesis modifications should
be realized in which the insertion of simple polytopic ligands as
1,4-benzenedicarboxylic acid (H,BDC) and its derivatives would
be the main structural alteration; other important structural
features of the MOF including coordination number/coordina-
tion geometry of the metal ions or number and coordination
modes of the existing ligands, etc should remain essentially
unaffected upon these reactions.

We herein report the synthesis and characterization of a new
family of 8-connected 2-D MOFs based on a hexanuclear (RE**)g
SBU and the angular dicarboxylic acid ligand 4,4’-(hydroxy-
methylene)dibenzoic acid (H,BCPM) with the general formula
[REq(13-OH ™ /F ™ )g(BCPM),(NO3),(H,0)4], (UCY-17(RE); RE: Y, Gd,
Tb, Dy, Ho, and Er) and the exchanged analogues produced from
linker installation SCSC reactions of UCY-17(Tb) with selected
dicarboxylic ligands. Interestingly, compounds [REe(u3-OH/F)g-
(BCPM),(L)(H,0)4], (UCY-17(RE)/L; RE = Gd, Tb, H,L = H,BDC
(1,4 benzenedicarboxylic acid), H,ABDC (2-aminobenzene-1,4-
dicarboxylic acid), H,FBDC (2-fluorobenzene-1,4-dicarboxylic
acid), H,NDC (1,4-naphthalenedicarboxylic acid)) represent rare
examples of 10-connected 3-D MOFs containing polynuclear
SBUs. Detailed photophysical studies revealed that the installation
of a second linker in the UCY-17(Eug ¢5Tboos) bimetallic analo-
gues has a significant effect on the sensitization efficiency of the
Tb** and Eu’®' ions. In fact, the SCSC installation of these
dicarboxylic ligands results not only in the turn-on of the thermo-
metric properties of this family of materials but also in a variety of
different thermometric performances. Overall, the SCSC linker
installation process in compound UCY-17(RE) led not only to
significant structural variations, including the increase of its
dimensionality and the formation of analogous compounds with
uncommon structural features but also to materials displaying a
variety of photoluminescence and thermometric properties.

Experimental
Materials

Reagent grade chemicals and solvents (analytical grade) were
purchased from commercial sources (Aldrich, Merck, Alfa

J. Mater. Chem. C, 2024, 12, 8684-8696 | 8685
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Aesar, TCI, BLD-pharm, etc) and used without further purifica-
tion. All synthetic procedures were carried out in the air. 4,4'-
carbonyldibenzoic acid, 2-fluorobenzene-1,4-dicarboxylic acid,
1,4-naphthalenedicarboxylic acid were purchased from BLD-
pharm and 1,4 benzenedicarboxylic acid, 2-aminobenzene-1,4-
dicarboxylic acid and 2-fluorobenzoic acid (HFBA) from Sigma-
Aldrich. 4,4’-(Hydroxymethylene)dibenzoic acid was synthe-
sized following a procedure reported in the literature.>”

Synthesis

Synthesis of UCY-17(RE) (RE: Y, Gd, Tb, Dy, Ho, Er). Solid
RE(NO3);-xH,0 (x = 5 or 6) (0.2 mmol) was added in one portion
to a clear solution of H,BCPM (0.14 g, 0.5 mmol), and HFBA
(0.20 g, 1.4 mmol) in DMF: H,O (4 ml: 1 ml) in a 20 ml glass vial
and sonicated until complete dissolution of the reactants. The
vial was sealed, placed in an oven at 115 °C and left undis-
turbed for 6 days. Then it was cooled to room temperature and
colourless rhombic plate crystals of UCY-17(RE) were isolated
by filtration, washed with DMF (3 x 4 ml) and dried in air. The
reaction yields were in the range of 60-65% based on H,BCPM.
Anal. caled UCY-17(Y)-16DMF (Y4Os54N;5C105H65): C 41.63; H
5.43; N 8.09; found: C 41.40; H 5.64; N 8.28. UCY-17(Gd)-17DMF
(GdgOs5N19C111H75): C 37.04; H 4.90; N 7.39; found: C 37.26; H
4.78; N 7.60. UCY-17 (Tb)-16DMF (TbsO54N;5C105H16s): C 36.68;
H 4.79; N 7.13; found: C 36.96; H 4.91; N 7.25. UCY-17(Dy):
15DMF (DyeO53N15C105H161): C 36.19; H 4.66; N 6.83; found:
C 36.35; H 4.88; N 6.95. UCY-17(H0)-17DMF (H0gO55N;0C111H;5):
C 36.57; H 4.84; N 7.30; found: C 36.79; H 4.67; N 7.06. UCY-
17(Er)-17DMF (ErgOs5N16C111Hy75): C 36.43; H 4.82; N 7.27;
found: C 36.18; H 4.95; N 7.48.

Synthesis of UCY-17(Eug,¢5Tbgos). Solutions (0.1 M) of
Eu(NO3);-5H,0 (0.5 ml, 0.05 mmol) and Tb(NO3);-5H,0
(9.5 ml, 0.95mmol) in DMF were added to a clear solution of
H,BCPM (0.68 g, 2.5 mmol) and HFBA (1.0 g, 7.1 mmol) in
DMF: H,O (20 ml:5 ml) in a 50 ml glass vial. The vial was
sealed, placed in an oven at 115 °C and left undisturbed for
~5 days. Then it was cooled to room temperature and colour-
less rhombic plate crystals of UCY-17(Euy ¢sTbg o5) were isolated
by filtration, washed with DMF (3 x 20 ml) and dried in air. The
yield was 60% based on H,BCPM. The metal ion content was
determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) and provided a Tb**/Eu’’ ratio of
0.937/0.063.

Synthesis of UCY-17(RE)/L (RE: Gd, Tb, Eug 05Tbg.o5, HoL =
H,BDC = 1,4 benzenedicarboxylic acid, H,ABDC = 2-amino-
benzene-1,4-dicarboxylic acid, H,NDC = 1,4-naphthalenedi-
carboxylic acid, and H,FBDC = 2-fluorobenzene-1,4-dicarboxylic
acid). Single crystals of as synthesized UCY-17(RE) (50 mg) were
added to a solution of the desired ligand in DMF (20 ml, 25 mM,
0.5 mmol) in a 50 ml glass vial. The vial was sealed, placed in an
oven at 80 °C and left undisturbed for 4 days. Then it was cooled
to room temperature, the solvent was decanted and the single
crystals of UCY-17(RE)/L were washed with hot (at 80 °C) DMF
(20 ml) once a day for 5 days. The crystals were collected by
filtration and dried in air. Anal. caled UCY-17(Tb)/BDC-22DMF
(ThO58N35C134Hz14): C 40.09; H 5.37 N 7.68; found: C 40.41;
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H 5.60; N 7.88. UCY-17(Tb)/ABDC-20DMF (TbgOseNy;C125Ho01): C
39.59; H 5.22 N 7.57; found: C 39.30; H 5.05; N 7.35. UCY-17(Tb)/
FBDC-11DMF (TbgF;04,N{;C10:Hy36): C 37.57; H 4.25; N 4.77;
found: C 37.83; H 4.44; N 4.90. UCY-17(Tb)/NDC-19DMF
(TbgOs5N19C120H105) C 40.29; H 5.11 N 6.92; found: C 40.05; H
4.86; N 6.71. ICP-AES studies for UCY-17(Eug ¢5Tby o5)/L exchanged
analogues provided Tb**/Eu®* ratio within the range 0.942/0.058 -
0.936/0.064; the exact ratios of all exchanged analogues are
reported in Table S1 in the ESL¥

Physical measurements

Elemental analyses (C, H, and N) were performed using the in-
house facilities of the University of Cyprus, Chemistry Depart-
ment. IR spectra were recorded on ATR in the 4000-700 cm™*
range using a Shimadzu Prestige — 21 spectrometer. PXRD
patterns were recorded on a Rigaku MiniFlex 6G X-ray diffract-
ometer (Cu Ko radiation, 2 = 1.5418 A) equipped with a D/teX
Ultra 1D silicon strip X-ray detector. Thermal stability studies
were performed with a Shimadzu TGA 50 thermogravimetric
analyzer. "H NMR spectra were recorded on a Bruker Avance III
300 MHz spectrometer at 25 °C. Chemical shift values in
'"H NMR and "F NMR spectra were reported in parts per
million (ppm). Digestion of the samples (~10 mg) was
achieved with 0.5 M KOH in D,O or with 25 pL of concentrated
DCl in de-DMSO.

Stability studies at a certain temperature

The stability of compounds UCY-17(Eug ¢sTbyos) and UCY-
17(Euy.05Tbg.05)/L at 90 °C was studied as follows: ~50 mg of
a microcrystalline sample of a given compound was added to a
glass vial which was placed in an oven operating at 90 °C and
left undisturbed for 30 minutes. Then the temperature of the
oven was slowly decreased until it reached room temperature
and the pXRD patterns of the microcrystalline samples were
recorded.

Photophysical studies

Solid-state photoluminescence measurements (emission, exci-
tation and lifetimes) were recorded at room temperature on
a Jobin Yvon Fluorolog 3 spectrofluorometer equipped with a
CCD camera (excitation source: 450 W Xe arc lamp) and a
JASCO FP-8300 spectrofluorometer. The emission spectra were
corrected for detection and optical spectral response of the
spectrofluorometer, and the excitation spectra were weighed for
the spectral distribution of the lamp intensity using a photo-
diode reference detector. The low temperature measurements
were performed on a Jobin Yvon spectrofluorometer in a front-
face configuration. The excitation spectra were corrected for the
variation of the incident flux (450W Xe lamp); the emission
spectra were corrected for the transmission of the mono-
chromator as well as the response of the photomultiplier.
Slit apertures, increments, and acquisition times were adjusted
for optimized signal-to-noise ratio and resolution. An Oxford
cryostat connected to a dynamic pumping system ensured the
circulation of nitrogen gas. The temperature was monitored
through a thermal probe in direct contact with the copper

This journal is © The Royal Society of Chemistry 2024
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sample holder. After reaching the targeted temperature, a dwell
time of 10 minutes was fixed before launching the emission/
excitation acquisition to ensure the thermal homogeneity of the
sample.

Single crystal X-ray crystallography

Single crystal X-ray diffraction data were collected on a Rigaku
Supernova A diffractometer, equipped with a CCD area detector
and a Rigaku Synergy S X-ray diffractometer, equipped with an
HyPix-6000HE area detector utilizing Cu-Ko (1 = 1.5418 A)
radiation. A suitable crystal was mounted on a Hampton
cryoloop with paratone-N oil and transferred to a goniostat
where it was cooled for data collection. The structures were
solved by direct methods using SHELXT and OLEX2°> and
refined on F> using full-matrix least squares with
SHELXL14.1.>® Software packages used were as follows: CrysA-
lis CCD for data collection, CrysAlis RED for cell refinement
and data reduction,>® WINGX for geometric calculations,®® and
DIAMOND for molecular graphics.”® The non-H atoms were
treated anisotropically, whereas the aromatic hydrogen atoms
were placed in calculated, ideal positions and refined as riding
on their respective carbon atoms. Several restraints (DFIX,
SIMU, RIGU and DELU) were used to fix the thermal ellipsoids
and geometry of the NO;™ ions, the -OH group and phenyl
rings of the BCPM*~ ligand and the phenyl rings of the NDC*~
anion. Electron density contributions from disordered guest
molecules were handled using the SQUEEZE procedure from
the PLATON software suit®” due to the disordered nature of
these molecules. Selected crystal data for UCY-17(RE) (RE: Y,
Gd, Tb, Dy, Ho, and Er) and the exchanged analogues UCY-
17(Tb)/L (L = BDC>~, ABDC>~, FBDC?*~ and NDC>") are sum-
marized in Tables S2 and S3, respectively, in the ESL.f CCDC
2338720-2338729 contain the supplementary crystallographic
data for this paper. Full details can be found in the CIF files
provided in the ESI.{

Results and discussion
Synthesis and structural characterization

The research group of one of us has recently focused on the
synthesis of chemically stable Zr*" or RE** MOFs based on
hexanuclear SBUs with angular dicarboxylic ligands. We suc-
cessfully isolated two 2D 8-c (Zr*")s MOFs, UCY-13 and UCY-14
with the ligands H,HFPBBA (4,4’-(hexafluoroisopropylidene)-
bis(benzoic acid)) and H,OBA (4,4’-Oxybis(benzoic acid)) which
are stable in aqueous solutions and exhibit exceptional UO,**
sorption capacity.”® Furthermore, the angular dicarboxylic acid
H,O0BA afforded a series of 12-c anionic RE-pcu-MOFs (RE: Y,
Tb, Dy, Ho).59 Also, a new family of 2D-8c-RE-MOFs, UCY-
15(RE) (RE: Y, Eu, Gd, Tb, Dy, Ho, Er), analogous to UCY-13
was reported with the angular dicarboxylic ligand H,SDBA
(4,4’-sulfonyldibenzoic acid) and was evaluated for the sensing
capability for vapors of selected VOCs and nitroaromatic com-
pounds. It was demonstrated that the trimetallic analogue UCY-
15(Yo.875EU0.05Tbo.075) is sensitive towards a variety of analytes

This journal is © The Royal Society of Chemistry 2024
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at very low concentrations.>® A common feature in the synthesis
of MOFs based on polynuclear SBUs with RE** ions is the
utilization of modulators such as 2-fluorobenzoic acid (HFBA),
or alternatively, 2,6-difluorobenzoic acid (HF,BA). These acids
apart from preventing the formation of one-dimensional chain
SBUs with RE*" ions also significantly increase the quality of
the single crystals obtained during the synthesis. However,
recent publications concerning RE-MOFs synthesized utilizing
HFBA or HF,BA indicated the existence of p;-F~ bridging ions
in the structural core of the MOFs.?*®*"®* Thus, HFBA and
HF,BA were proven to act not only as modulators but also
as reactants providing F~ anions to the reaction mixture.®?
A series of reactions have been explored involving various
angular dicarboxylic ligands, containing two benzoic acid moi-
eties linked through various central groups. Most of these
ligands were commercially available and have been widely
employed in MOF chemistry; however, ligands that were
synthesized by using other precursor compounds were also
employed in these efforts. One of them is H,BCPM, the reduced
analogue of 4,4’-carbonyldibenzoic acid, H,BPHD (the ketone
group has been reduced to an alcohol one) which has not been
widely used in MOF chemistry. In fact, to the best of our
knowledge there are no RE-MOFs reported in the literature
with this ligand and very few compounds with any metal
ion.*%* We explored reactions of H,BCPM with RE*" salts in
the presence of HFBA targeting analogues of UCY-13, UCY-14
and UCY-15. These synthetic efforts involved the use of vari-
ous RE*" salt/H,BCPM molar ratios and reaction conditions
(solvent system, addition of concentrated acids and the reac-
tion temperature). Thus, the reaction of RE(NO;);-xH,0 (x = 5
or 6) with H,BCPM in a molar ratio of 1:2.5 in DMF/H,0 in the
presence of ~7 equivalents of HFBA at 115 °C for five days
afforded colourless rhombic crystals of compounds UCY-
17(RE); (RE: Y, Gd, Tb, Dy, Ho, and Er). The experimental pXRD
patterns of UCY-17(RE) analogues along with the simulated one
of UCY-17(Tb) and IR spectra are shown in Fig. S1 and S2 in
the ESL.

The structure of compound UCY-17(RE); (RE: Y, Gd, Tb, Dy,
Ho, and Er) crystallizing in the monoclinic space group C2/m
contains two crystallographically independent RE*" ions. Since
the UCY-17(RE) compounds are isostructural, crystallize in the
same space group with similar unit cell dimensions and their
main difference is the RE*" ion that is present in each structure,
only the structure of UCY-17(Tb) will be discussed in detail.
Representations of the structure of UCY-17(Tb) along the axes
a, b and ¢ are shown in Fig. 1. Tb1 and Tb2 ions are coordinated
to eight oxygen atoms adopting a square antiprismatic geo-
metry.®® In particular, the coordination environment of Tb1
consists of four p;-OH™ monoatomic bridges, two carboxylate
oxygen atoms of two bridging BCPM>~ ligands, one oxygen
atom of a bridging NO;~ ion and a terminal water molecule.
In addition, the coordination sphere of Tb2 contains four
pu3-OH™ monoatomic bridges and four carboxylate oxygen
atoms from four bridging BCPM®~ ligands. The existence
of p;-F anions in this compound was confirmed by recording
9F-NMR spectra of a digested sample of UCY-17(Tb) which
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Fig. 1 Representations of the structure of UCY-17(Tb) along the (a) a, (b) b
and (c) ¢ axes. The cyan sphere (shown in (c)) denotes the pores formed
between the parallel layers along the c-axis. Colour code: Tb, light blue; O,
red; N, blue; C, grey; and H, white.

suggests the existence of around two F~ ions per (Tb*")s SBU
(Fig. S3-S5, ESIT).>"®*>%* Thus, the SBU of UCY-17(Tb) is a
hexanuclear cluster containing a [Tbe(uz-OH /F )g]'** struc-
tural core in which the Tb®" ions are located in the vertices of
an octahedron and the p;-OH ™ /F~ bridges lie above its faces.
The peripheral ligation of the hexanuclear cluster is completed
by eight carboxylate groups of BCPM”~ ligands adopting the
common syn, syn-nin':p coordination mode, two bridging
NO; ™ anions connecting two Tb1 ions and four terminal H,O
molecules also ligated to Tb1 centers. The hexanuclear SBUs
are linked through eight BCPM>~ ligands, with each pair of
them connecting two adjacent (Tb*")s SBUs. As a result, the
eight BCPM>™ ligands connect the hexanuclear SBU with four
neighbouring SBUs giving rise to a neutral 2-dimensional
nanosheet with a thickness of ~13 A. The 2D layers display
two types of rhombic cavities with dimensions ~11.5 x 13 A?
and ~10 x 24 A? along b- and c-axes, respectively (Fig. 1b and
c). The 2-D layers are fairly well separated with the shortest
interlayer distance appearing between the alcohol O atom and a
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C atom of a benzene ring of the BCPM”~ ligand of adjacent
layers being ~3.90 A. As a result, there are no significant
interlayer interactions between neighbouring layers. The sol-
vent accessible volume of the framework corresponds to ~65%
of the unit cell volume. Although several examples of RE*"
MOFs based on the hexanuclear SBU have been reported, the
vast majority are 3D compounds.'®**%”"7> To the best of our
knowledge, compound UCY-17(RE) is only the third example of
a 2D MOF based on the (RE*")s-SBU.>>*° It is also noted that its
structure displays analogies to that of compound UCY-15* with
both of them comprising a rare 8-connected 2D network based
on the (RE*")s SBU. However, they differ in the organic bridging
ligand they contain (BCPM”~ in UCY-17(RE) and SDBA>~ in
UCY-15), the number of terminal H,O molecules (4 in UCY-
17(RE) and 6 in UCY-15) and the coordination number/coordi-
nation geometry of the lanthanide ions (all metal ions are 8-
coordinated in UCY-17(RE) whereas there are 8- and 9-
coordinated lanthanide ions in UCY-15) and the presence (in
UCY-15) or absence (in UCY-17(RE)) of interlayer hydrogen
bonding interactions.

The stability of compound UCY-17(Tb) treated in various
organic solvents was studied with pXRD which indicated that
the compound retains its crystallinity and structural integrity in
most organic solvents (Fig. S6, ESIt). In addition, the thermal
stability of UCY-17(RE) analogues was studied with thermogra-
vimetric analysis (Fig. S7, ESIt). The thermal decomposition of
compounds UCY-17(RE) proceeds via a two-step process (Fig S7,
ESIt). The first step (until ~450-460 °C) is attributed to the
removal of the terminal H,O and lattice DMF molecules. The
second mass loss which is completed at ~620-640 °C is
attributed to the decomposition of the ligand BCPM>". The
residual mass at 900 °C corresponds to the rare earth oxide of
the corresponding RE™ ion (Table S4, ESIY).

Single-crystal-to-single-crystal transformations

UCY-17(RE) analogues crystallize in high yields and form
excellent quality single-crystals, with a high solvent accessible
volume and relatively large 1-D channels. In addition, they
contain labile bridging NO;™ ions located, in proximity, in
adjacent 2D-nanosheets. In fact, the distance between the
bound O atoms of two adjacent NO;~ anions (~6.85 A)
(Fig. 1a.) is comparable to the separation between carboxylic
oxygen atoms of H,BDC (which is ~ 6.9 A) and other derivatives
containing functional groups in the phenyl ring. For these
reasons this compound was considered for the investigation
of SCSC linker installation reactions.

Thus, heterogeneous reactions of single crystals of UCY-
17(Tb) with solutions of a dicarboxylic ligand (25 mM in DMF)
were performed at an elevated temperature (~80 °C). The
reactions resulted in single crystals which were macroscopically
very similar in size and shape to those of the pristine com-
pound UCY-17(Tb); however, they contained cracks resulting
from treatment under intense conditions and/or the insertion
of bulky organic molecules (Fig. S8, ESIf). X-ray structural
determination of the exchanged analogues revealed that com-
pounds UCY-17(Tb)/L are similar to the pristine structure

This journal is © The Royal Society of Chemistry 2024
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regarding the connectivity of the initial 2-D framework but the
connectivity of the SBUs and the dimensionality of the frame-
work are increased in the exchanged analogues from 8-c to 10-c
and from 2-D to 3-D, respectively. Specifically, all SCSC pro-
ducts crystallize in the same space group as the pristine
compound (C2/m) and the [Tbg(uz-OH)g]'* structural core of
the hexanuclear SBU remains intact. However, the introduction
of a second dicarboxylate ligand in the structure of UCY-17(Tb)
results in the increase of the connectivity of the SBU from 8-c to
10-c since each SBU is not only bridged by eight BCPM*~
ligands to four neighbouring SBUs along the ab-plane but also
to two L>~ ligands which link the 2-D frameworks along the
c-axis thus forming 3-D neutral frameworks (Fig. 2 and 3).
Additionally, the introduction of the second dicarboxylic linker
connecting the secondary building units of two different 2D
sheets results in different spacing between the adjacent 2-D
nanosheets suggesting the breathing of the structure of the
pristine UCY-17(Tb) MOF which facilitates the insertion of the
dicarboxylic linkers. This is supported by the comparison of
the shorter Tb- - -Tb separations between adjacent 2-D sheets in
the pristine UCY-17(Tb) (10.854 A) and the exchanged analo-
gues UCY-17(Tb)/BDC (11.017 A), UCY-17(Tb)/ABDC (11.140 A),
UCY-17(Tb)/FBDC (11.115 A) and UCY-17(Tb)/NDC (11.265 A)
which reveals that these are larger in the latter. In fact, the
larger Tb- - -Tb separation appears as expected in UCY-17(Tb)/
NDC which contains the bulkier dicarboxylic ligand.
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Another interesting structural modification that took place
in compounds UCY-17(Tb)/NDC involved a different coordina-
tion mode of the carboxylate groups than those appearing in
the other exchanged analogues and the pristine compound
(for the NO;~ ligand). In particular, each NO;~ ligand in the
pristine compound bridges two Tb** ions adopting a syn-syn
mode as happens with the two carboxylate groups of the
installed dicarboxylic ligands in compounds UCY-17(Tb)/L;
(L =BDC*", ABDC*>", and FBDC*") which bridge four Tb*" ions
in a n":n"n"n":p, coordination mode. However, in the UCY-
17(Tb)/NDC analogue the NDC>~ linker bridges three metal
ions adopting a n'mnin":u; mode with one carboxylate
group chelated on a Tb** ion and a second one bridging in a
syn-syn mode (Fig. 3). In fact, this is the first time that such
variability in the bridging modes of the dicarboxylic ligands
inserted through SCSC linker installation reactions in the
family of MOFs based on hexanuclear SBUs is observed. The
solvent accessible volume for the exchanged analogues UCY-
17(Tb)/L as calculated using PLATON software ranges between
64% and 65% which remains unchanged compared to that of
the pristine compound UCY-17(Tb).””

Apart from the existence of various bridging modes of the
inserted bridging dicarboxylic ligands, there are a series of
other interesting structural features in the obtained exchanged
analogues. Although there are examples of 2-D MOFs based on
3d metal ions transformed into 3-D ones,”® the conversion of a

vd \

Fig. 2 Representations of the SBUs of UCY-17(Tb) (in the center) and of: (a) UCY-17(Tb)/BDC, (b) UCY-17(Tb)/ABDC, (c) UCY-17(Tb)/FBDC and (d) UCY-
17(Tb)/NDC. Colour code: Tb, light blue; F, light yellow; O, red; N, blue; C, grey; and H, white.
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Fig. 3 Representations of the structures of (a) UCY-17(Tb)/BDC (b) UCY-17(Tb)/ABDC, and (c) UCY-17(Tb)/FBDC along the a axis and (d) UCY-17(Tb)/
NDC along the b axis. Colour code: Tb, light blue; F, light yellow; O, red; N, blue; C, grey; and H, white.

2-D, 8-¢c RE*" MOF to a 3-D one through a SCSC linker installa-
tion reaction takes place for the first time in the literature.
There is only one other example of a 2-D RE*" MOF that is
modified to a 3-D one, but this involves a 6-c pristine MOF that
is modified to a 12-c¢ 3-D one. In fact, the 3-D MOFs that are
produced from the linker installation reactions are uncommon
examples of 10-connected MOFs; a Cambridge database search
revealed that there are a few 10-c Zr"" MOFs based on hexa-
nuclear SBUs* and one family of RE*" ones.”* Thus, in this case,
the linker installation process provided access to very uncommon
examples of 10-c RE** MOFs based on hexanuclear SBUs.

PXRD studies and IR spectra of the exchanged analogues
confirmed that the crystallinity and structural integrity of
compounds UCY-17(RE)/L are retained upon SCSC reactions
(Fig. S9-S12, ESIt). Thermal analysis revealed that the TG plots
for the exchanged analogues UCY-17(Tb)/L have a similar
profile as the pristine MOF UCY-17(Tb) and their decomposi-
tion is also completed in two steps (Fig. S13 and Table S5, ESIT).
In addition, the stability of the pristine MOF UCY-17(Euy o5Thg o5)

8690 | J Mater. Chem. C, 2024, 12, 8684-8696

and the exchanged analogues UCY-17(Eug5Tbgos)/L heated at
~90 °C (following a process that is described in the experimental
part) was investigated and it was confirmed that their structure
remains intact up to this temperature (Fig. S14 and S15, ESIY).

Photophysical properties

Room-temperature photoluminescence properties of UCY-
17(RE) (RE: Gd, Tb, and Eu, ¢5Tby.¢5), the exchanged analogues
UCY-17(RE)/L (RE: Tb, Eug 05Tbg o5) and the ligands were inves-
tigated in the solid state as crystalline powders. Upon excitation
at ~350 nm, a broad emission band at 400 nm is observed in
the PL spectra of H,BCPM which is attributed to the * — =
transition of the ligand® (Fig. S16 and S$17, ESIt). Further
studies included the measurement of the PL spectra of UCY-
17(Gd) where the excitation and emission bands are slightly
shifted compared to the corresponding signals of the H,BCPM
ligand. Specifically, a broad emission band at 400 nm is
observed upon excitation at ~350 nm which is also attributed
to the n* — = transition of the anion of BCPM>~ (Fig. S16,

This journal is © The Royal Society of Chemistry 2024
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ESIt). UCY-17(Tb) displays the characteristic PL signals of Tb*"*
ions upon excitation at 345 nm. It should be noted that in this
region only BCPM>~ absorbs light which sensitizes Tb*" ions
through energy transfer. Thus, UCY-17(Tb) displays strong and
sharp emission bands at 487, 545, 582 and 620 nm which are
attributed to the D, — 'F; (J = 6, 5, 4 and 3, respectively)
transitions (Fig. S17, ESI). Room-temperature emission spec-
tra of UCY-17(Tb)/L analogues, upon UV excitation at ~ 350 nm,
revealed that these exchanged analogues display different
behaviour, both in comparison with each other and also to
the pristine UCY-17(Tb) MOF. The room-temperature emission
spectra of all samples display emission bands at 487, 545, 582
and 620 nm which are attributed to the D, — 7FJ (J=6,5,4
and 3, respectively) transitions of Tb** ions. However, the
relative intensity of the ligand-based emission bands at
~400 nm compared to the intensity of the Tb** transitions is
different in each case due to the introduction of the second
linker in the framework of UCY-17(Tb) which perturbs the
energy transfer processes occurring during relaxation of excited
UCY-17(Tb)/L (vide infra) (Fig. S16 and S17, ESIf).

Upon UV excitation, the room-temperature emission spectra
of the pristine MOF UCY-17(Eug 05Tbg.os) and the exchanged
analogues UCY-17(Eu, ¢sTbg o5)/L display the main signals at
490 and 545 nm of Tb**, and at 587, 611, and 695 nm for Eu®*,
attributed to the °D, — “Fe.3 and the °D, — “F,., transitions of
Tb*" and Eu®”, respectively (Fig. 4a). The relative intensity of the
main Tb*" ion emission (at 545 nm) changes according to the
nature of the inserted dicarboxylate ligand. Therefore, under
UV excitation, the emission colour of all samples varies from
green to red, as suggested by the CIE chromatic coordinates
(x,y) (Fig. 4b and Table S6, ESIt). Room-temperature excitation
spectra monitored on all compounds evidence the presence of
’Fg — °D, Tb*" transition (at ~490 nm) within the °Dy — F,
Eu’" transition (Fig. S18 and S19, ESIf) which confirms the
occurrence of Tb*'-to-Eu®* energy transfer in mixed Ln**
compounds.

Steady state and time-resolved spectroscopy techniques were
used to estimate the energy of the triplet level of the pristine
UCY-17(Gd) MOF (Fig. S20, ESI{). Phosphorescence spectra of
the pristine UCY-17(Gd) MOF and its exchanged analogues
were monitored at 77 K to estimate the energy of the triplet
(T,) level. Consequently, the T, level of the BPCM>~ ligand was
estimated to be 24 400 cm ™', which is in a suitable energy range
to sensitize both Eu®*" and Tb*' ions according to Latva’s
empirical rule.”> For compounds UCY-17(Gd)/L (Fig. S21, ESIY),
the phosphorescence spectrum at 77 K corresponds to the
combination of emission from the T; level of both bridging
ligands, namely BPCM>~ and the inserted dicarboxylate one.
Thus, for the exchanged analogue UCY-17(Gd)/BDC, the emis-
sion spectrum at 77 K (Fig. S21a, ESIt) and the resulting T,
value of 24350 cm™* are similar to these of the pristine UCY-
17(Gd) MOF indicating that the inserted BDC>"~ ligand does not
affect them significantly. That is why the sensitization of Eu**
and Tb*' ions in the UCY-17(Gd)/BDC compound is similar to
that of the pristine material, as evidenced by their similar CIE
coordinates (Fig. 4b). The same behavior was observed for the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Room-temperature emission spectra and (b) CIE chromaticity

diagram of the pristine MOF UCY-17(Eug osTbgos) and the exchanged
analogues UCY-17(Eug o5Tbo.os)/L calculated from the emission spectra
(Zexe = 309 nm).

exchanged analogue UCY-17(Gd)/FBDC (T; = 24420). On the
other hand, for exchanged analogues UCY-17(Gd)/ABDC and
UCY-17(Gd)/NDC, the emission spectra at 77 K (Fig. S21b and d,
ESIf) and the resulting T; values of 21700 and 19600 cm ',
respectively, deviate significantly from these of the pristine
UCY-17(Gd) (see above and Fig. S20, ESIt). This suggests the
dominating role of the inserted dicarboxylate ligands in the
phosphorescence spectra of UCY-17(Gd)/ABDC and UCY-
17(Gd)/NDC. The result of the significant decrease of the Ty
values of the two exchanged analogues compared to the pristine
UCY-17(Gd) MOF is the less efficient sensitization of Tb*", with
a °D, level of 20500 cm™*.”® This is confirmed by the emission
spectra of UCY-17(Eu,,05Tby.95)/ABDC and UCY-17(Eug 95 Tbg.o5)/
NDC where the Eu®*" red emission is predominant for both
compounds (Fig. 4a) and their very different CIE coordinates
than those of the pristine UCY-17(Eug 05Tbg.os) MOF and the
exchanged analogues UCY-17(Eug ¢5Tbgo5)/BDC and UCY-
17(Eug,05Tbo o5)/FBDC (Fig. 4b).
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Thermometric properties

The application of the mixed Eu-Tb UCY-17(Eug 05Tbg.95) MOF
and its exchanged derivatives as temperature sensors was
tested using their emission spectra. It is known that the
thermometric properties of MOFs are affected by the organic
ligands in their structure, since their triplet energy level influ-
ences the relative thermal sensitivity.”” For this reason it was
anticipated that the insertion of selected bridging dicarboxylic
ligands in the structure of UCY-17(Eu, 5Tbg.os) could lead to
significant modifications of its thermometric performance.

The integrated areas of the °D, — “F;s (Itp) and °Dy — 'F,
(Igw) emissions were used to define the thermometric para-
meter as 4 = Itp/Igy. The Iy, and Iy, areas were integrated using
the emission spectra in the 535-565 nm and 602-637 nm
intervals, respectively. These studies revealed that the pristine
UCY-17(Eug ¢5Tby.95) MOF does not present any thermal evolu-
tion of the integrated emission intensities between 270 and
360K or even between 80 and 300 K but only some small
fluctuations (that do not exceed ~5% of the maximum inte-
grated emission intensity) (Fig. S22 and S27, ESIf). Conse-
quently, this material is not a good candidate for a
luminescent thermometer. On the other hand, the exchanged
derivatives UCY-17(Eu 5Tby.o5)/L exhibit notable temperature
dependence of their integrated intensity (around 40%) (Fig. 5
and Fig. 523-526, ESIT). Interestingly, the temperature depen-
dence plot of Iy, and Iy, for each exchanged analogue has a
different profile, depending on the inserted bridging dicarbox-
ylate ligand through linker installation reactions. Thus, for
UCY-17(Eug ¢5Tby.05)/BDC the integrated emissions increase
from 300 to 350 K (40% for Iy, and 15% for Ir,) whereas for
UCY-17(Eug 05Tboo5)/ABDC both Eu®" and Tb*" emissions
decrease from 313 to 353 K with the same tendency. In addi-
tion, for UCY-17(Euy 05Tbg.o5)/FBDC and UCY-17(Eug ¢sTbg.o5)/
NDC exchanged analogues, the intensity of Tb** continuously
decreases from 273 K while I, concomitantly increases with an
increase in temperature.

Although the phenomenological Mott-Seitz expression is
typically used to model the thermal evolution of the thermo-
metric parameter A4,***%7%78 in this study it did not allow to
correctly fit the calibration curves 4 = f(T). Consequently, a
polynomial function was arbitrarily chosen to simulate the
curves 4 = f(T); the obtained fits are shown in Fig. S28 (ESIt)
and the fitting parameters are reported in Table S7 (ESIt). The
corresponding relative thermal sensitivity, defined as S, = |04/
OT|/A and used as a figure of merit to compare the performance
of distinct systems,”®”®®" is plotted in Fig. 6. The UCY-
17(Eug.05Tbg.05)/L exchanged analogues exhibit a thermal sen-
sitivity above room temperature, with the maximum S,, values
appearing between ~300 and 355 K (Fig. 6); studies at higher
temperatures were not conducted due to the decomposition of
compounds above 373 K (Fig. S13 and S14, ESIt). Among the
exchanged analogues, the UCY-17(Eu, 5Tby.o5)/ABDC com-
pound is the most sensitive material with a maximum relative
thermal sensitivity (Sp,) of 1.1% K" at 353 K. The S,,, values of
remaining exchanged analogues were found to be Sy, = 1% K"
at 328 K for UCY-17(Eu, 5Tby.o5)/FBDC and Sy, = 0.56% K 'at
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Fig. 5 Thermal evolution of the integrated emission intensity of
the exchanged analogues: (a) UCY-17(Eug osTbg.o5)/BDC, (b) UCY-
17(Euo.05Tbo.95)/ABDC, (c) UCY-17(Eug.0sTbg.95)/FBDC, and (d) UCY-
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304 K for UCY-17(Eu o5Tby.05)/NDC, and Sy, = 0.53% K ' at
323 K for UCY-17(Eu, o5Tbg.o5)/BDC.
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Conclusions

Rare examples of 2-dimensional RE** MOFs based on an eight-
connected hexanuclear (RE*")s SBU are reported with the for-
mula [RE4(3-OH ™ /F ™ )g(BCPM)4(NO;),(H,0),4], (UCY-17(RE) RE:
Y, Gd, Tb, Dy, Ho, Er). The ideal distance (similar to the size of
various aromatic dicarboxylic ligands) between adjacent 2-D
layers of UCY-17(RE) allowed the targeted replacement, through
SCSC linker installation reactions, of the NO;™ anions bridging
two RE*" ions of the hexanuclear SBU by a series of dicarboxy-
late linkers. This replacement gave rise to the increase of the
dimensionality of these MOFs and the formation of uncommon
10-connected 3-D RE** MOFs with the formula [RE4(p3-OH ™/
F)g(BCPM),(L)(H,O),], (L = BDC®>, ABDC> ", FBDC®>  and
NDC?>"). In fact, this is the second example of a 2-D MOF based
on a hexanuclear SBU that is converted through an SCSC linker
installation reaction to a 3-D one; the other example involved
a 6-connected 2-D RE* MOF that was converted to a 12-
connected 3-D MOF. The photophysical and thermometric
properties of the bimetallic Eu-Tb pristine MOF UCY-17-
(Eug.05Tbgos) and the exchanged analogues UCY-17-
(Eug.05Tbgos)/L were studied to investigate how these are
affected by the insertion of the dicarboxylic linkers into the
structures of these MOFs. In fact, these compounds were ideal
for this purpose since despite the insertion of the dicarboxylic
ligands and the increase of the dimensionality of MOFs the
main structural features including the coordination number
and geometry of metal ions remained essentially unaffected
upon SCSC linker installation reactions. Interestingly, a variety
of different behaviours was observed in compounds UCY-
17(Eug.05Tbg.o5) and UCY-17/L concerning the profile of the
room temperature emission spectra, the energy of T, states
and the Tb®" sensitization efficiency of the pristine and
exchanged analogues depending on the type of the inserted
bridging dicarboxylates. A similar wealth of different beha-
viours were also observed from the investigation of the thermo-
metric properties of the pristine MOF UCY-17(Eu, ¢5Tbg ¢5) and
the exchanged analogues UCY-17(Eug ¢5Tbg o5)/L. In particular,
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the pristine MOF did not display thermal evolution of the
integrated emission intensities in the temperature range that
was investigated (80-360 K). On the other hand, the exchanged
analogues displayed notable temperature dependence of the
emission intensities and the temperature dependence plot of
Ity and I, for each exchanged analogue exhibited a different
profile, depending on the inserted bridging dicarboxylate
ligand. As a result, their maximum thermal sensitivities
appeared at different temperatures ranging from ~300 to
355 K. This significant variation observed in the photophysical
and thermometric properties of the reported compounds took
place because of the presence of a series of different dicar-
boxylic ligands in these compounds which affected signifi-
cantly the photophysical and thermometric properties of the
MOFs. This work sheds light on how the photophysical and
thermometric properties of MOFs based on the hexanuclear
RE®" SBU are affected by the insertion of a variety of simple
bridging dicarboxylic ligands and highlights the role of the
SCSC linker installation method in tuning the thermometric
properties of lanthanide MOFs. Finally, it suggests a rational
method for the enhancement of the thermometric properties of
MOFs that could allow the design of new performant lumines-
cent thermometers based on RE4-MOFSs.
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