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Overcoming thermal quenching is generally essential for the practical application of luminescent materials.
It has been recently found that frameworks with negative thermal expansion (NTE) could be a promising
candidate to engineer unconventional luminescence thermal enhancement. However, the mechanism
through which luminescence thermal enhancement can be well tuned remains an open issue. In this
work, enabled by altering ligands in a series of UiO-66 derived Eu-based metal-organic frameworks, it
was revealed that the changes in the thermal expansion are closely related to luminescence thermal
enhancement. The NTE of the aromatic ring part favors luminescence thermal enhancement, while
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Introduction

Luminescent materials are an attractive research objective in
materials science for their abundant applications in organic light-
emitting diodes (OLEDs),"? biological analysis, imaging,>*
sensors,*® etc. However, thermal quenching (TQ) is generally
unavoidable, which leads to the degradation of their lumines-
cence performances.”” How to maintain the emission intensity
with increasing temperature and thus overcome TQ has become
an urgent issue, which not only can reduce energy loss, but also
broadens the temperature range for luminescence applications.
Recently, negative thermal expansion (NTE) in framework
materials that defies common sense has shown potential
applications in overcoming TQ.'*** The atomic distances in the
lattice of NTE materials paradoxically contract with increasing
temperature,'*™ which facilitates the modulation of charge
transfer paths and then achieves the maintenance or even
enhancement of luminescence intensity. Although NTE
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rings and then achieve luminescence thermal

enhancement in a wide temperature window. Our findings pave the way to manipulate the NTE and
luminescence thermal enhancement based on ligand engineering.

provides ideas to overcome thermal quenching, how to modu-
late NTE to tailor luminescence thermal enhancement is
a fledgling research topic. Previously, we reported the NTE
behaviour leading to significant thermal enhancement of
luminescence in molecular materials,*® which is based on the
principle that NTE facilitates an improved ligand-to-metal
charge transfer (LMCT) path. It is reasonable to speculate that
improving the LMCT process by modulating NTE is the key to
achieving tailored luminescence thermal enhancement.

Metal-organic frameworks (MOFs)** are an ideal platform for
investigating the modulation of NTE to overcome TQ due to their
well-defined space location and flexible and tuneable structure,**
outstanding luminescence properties,” as well as considerable NTE
intensity."”* The UiO-66 family is one of the most investigated
MOFs.* The combination of different metal nodes and various
forms of linear carboxylic acid ligands constructs a large number of
UiO-66 derivatives, which have excellent stability and can be
competent for most practical applications.® Furthermore, under
illumination, the UiO-66 family generally has a typical LMCT
process,® which is suitable for achieving luminescence thermal
enhancement through NTE. As an important structure modulation
approach, ligand engineering has been widely used in the applica-
tion fields of MOFs including gas adsorption and separation and
catalysis.*®** It can promote targeted properties by tailoring the
functional groups of ligands in MOFs without changing their crystal
topology, and thus offer us an ideal design approach to property
modulation.

Herein, we synthesized a series of UiO-66 derived Eu-based
MOFs (Eu-NH,-BDC, Eu-OH-BDC, and Eu-NDC) to correlate
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Fig. 1 Schematic illustration of UiO-66 derived Eu-based MOFs
modulating NTE through ligand engineering to achieve an increased
range of luminescence thermal enhancement. (a) The charge transfer
path of the MOF under illumination. All hydrogens are omitted for
clarity. (Colour code: Eu, sky blue; O, red; C, grey; functional group,
green). (b) NTE originates from the synergy of the transverse vibrations
of both the oxygen atom and the aromatic ring parts of the ligand. (c)
Ligands with different functional group modifications, which results in
a sequential increase in the range of luminescence thermal
enhancement.

their NTE and luminescence relationships, and ligand engi-
neering was also involved to explore the effect of different
functional groups (Fig. 1a). All three MOFs exhibit significant
NTE and luminescence thermal enhancement behaviours.
Optical measurements indicate that luminescence comes from
the typical LMCT process (Fig. 1b). Precise structure analysis
indicates that thermal expansion changes in structures are
dominated by the thermal vibrations of aromatic rings and
oxygen atoms in ligands (Fig. 1c). The different thermal vibra-
tions dominate their NTE behaviours and manipulate the
luminescence intensity in the temperature window. Moreover,
different functional groups in ligands were found to affect the
aromatic vibration and then have an essential influence on their
NTE behaviours and luminescent properties.

Methods

Materials

All chemicals were used without any further purification. 2-
aminoterephthalic acid (2-NH,-BDC), 2-hydroxyterephthalic
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acid (2-OH-BDC), 1,4-naphthalenedicarboxylate (1,4-NDC),
europium nitrate hexahydrate and 2-fluorobenzoic acid (2-FBA)
were purchased from Macklin. DMA and other materials were
purchased from Aladdin.

Synthesis of Eu-NH,-BDC, Eu-OH-BDC, and Eu-NDC activated
crystals

Eu(NOs);-6H,O (19.4 mg, 0.044 mmol), 2-NH,-BDC (8 mg,
0.044 mmol) and 2-FBA (110 mg, 0.7 mmol) were added to the
solution of DMA (2 ml) in a 4 ml scintillation vial, forming
a suspension solution using an ultrasound method, sealed, and
heated to 120 °C in 2 h; the temperature was held for 72 h and
then cooled to room temperature in 2 h. The colourless octahe-
dral crystals of Eu-NH,-BDC were collected via centrifugation and
washed three times with DMF (3 x 20 ml) and three times with
methanol (3 x 20 ml). All the crystals were soaked in methanol
for at least 3 days for solvent exchange and dried in a vacuum at
100 °C overnight. Eu-OH-BDC and Eu-NDC were synthesized
using the same method, and only the ligands were replaced with
2-OH-BDC (8 mg, 0.044 mmol) and 1,4-NDC (9.5 mg, 0.044
mmol), respectively.

Variable temperature optical measurements

Excitation spectra were collected by using an Edinburgh
FLS1000 spectrofluorometer (Edinburgh Instruments Ltd)
equipped with a continuous xenon lamp (450 W) as an excita-
tion source; the optimal excitation wavelengths are 360 nm (Eu-
NH,-BDC), 394 nm (Eu-OH-BDC), and 394 nm (Eu-NDC),
respectively. The temperature-dependent solid state lumines-
cence spectra were obtained on the same spectrophotometer at
controlled variable temperature (80-400 K with an interval of
10 K) and were recorded with an Oxford Instruments liquid
nitrogen cryostat accessory. The time decay curves were
measured under the same conditions, with a temperature range
of 100-300 K. The average lifetime was obtained from the
double-exponential decays according to equation:

S AT
ZAiTi '

where 7 is the decay time of luminescence intensity and 4; is the
amplitude of each component.

i=1,2

Tavg =

Photoluminescence quantum yield (PLQY) measurements

The photoluminescence quantum yield measurements were
recorded using an integrated sphere, which was attached to the
FLS1000 spectrofluorometer. The PLQY was calculated using the
equation: nqy = Is/(Er — Es), in which I5 represents the lumi-
nescence emission spectrum of the sample, Ey, is the spectrum of
the excitation light from the empty integrated sphere (without the
sample), and E is the excitation spectrum for exciting the sample.

Differential scanning calorimetry (DSC) analysis

DSC traces were obtained with a Discovery 250 DSC apparatus.
The samples (about 6 mg) were heated at rates of 5 °C min '

from —165 to 127 °C under a helium flow of 20 ml min .

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Variable-temperature powder X-ray diffraction

XRD patterns of the sintered samples were obtained using
a laboratory diffractometer (PANalytical X'PertIII, Holland, Cu
Ka radiation, A = 1.5406 A). Low-temperature powder X-ray
diffraction patterns were collected in the same diffractometer
and an Anton Par TTK 400 low-temperature attachment was
used. XRD data were collected from —150-100 °C over a 26
range from 5 to 50°. The heating rate was 10 °C min™ ", and the
sample was held for 5 min at a specified temperature to reach
heating equilibrium. After the first round of measurements, the
samples were cooled down directly to —150 °C for the second
round of variable temperature measurements without removing
them. The data were refined using the Rietveld refinement
method using FULLPROF software.

Variable-temperature single-crystal X-ray diffraction

Single-crystal diffraction data were collected using a Rigaku
XtaLAB Synergy Custom diffractometer with Mo Ko, = 0.71073 A
at 100, 150, 200, 250, and 300 K. Structure solution and
refinement were performed using SHELXL using Olex2 soft-
ware. Crystal information and details related to the structural
refinements are presented in ESI Tables 8-10.f Variable
temperature crystallographic data for Eu-based MOF structures
have been deposited in the Cambridge Crystallographic Data
Centre (CCDC) with numbers 2246487-2246501.

Variable-temperature FT-IR measurements

The FTIR spectra were obtained by the KBr pellet method on
a Bruker Vertex V80V Vacuum FTIR spectrometer with a spectral
range of 650-4000 cm ™' and resolution of 2 cm™" and 128 scans.
The KBr pellets were transferred into a vacuum cell with an Oxford
closed-cycle cryostat, equipped with KBr windows and placed at
the focal point of the sample compartment of the infrared spec-
trometer. The measurements were performed by cooling and
heating the KBr pellets in the temperature range of 100-300 K.
The temperature was regulated using a MercuriTC temperature
controller and the vacuum inside the cryostat was 10~ mbar.

Results and discussion
Synthesis and crystal structure

The series of isomeric Eu-based MOFs were synthesized
according to previous references with slight modifications.*”
In order to exclude the effect of solvent, the obtained pre-
synthesized crystals were soaked in methanol for three days
and replaced with methanol once a day, and then vacuumed at
373 K for 24 h. The structures of the activated crystals were
obtained by single-crystal X-ray diffraction (SCXRD) analysis.
The phase purity of the activated samples was confirmed by
powder X-ray diffraction (PXRD) patterns (Fig. S17).

We described Eu-NH,-BDC in detail because these three
compounds were isomorphic and only different in functional
groups of the ligands. The results of SCXRD indicated that Eu-
NH,-BDC crystallizes in the cubic Fm3m space group. Each Eu®*
atom forms a nine-coordination configuration with four p;-OH,
four O atoms from four different carboxylic acid groups, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a water molecule. The six adjacent Eu** atoms are constructed
into a 12-connected molecular building block by p;-OH and
completely deprotonated carboxylic groups. The adjacent
blocks are connected by ligand bridges to form two types of
polyhedral cages, which are finally packed into a three-
dimensional (3D) network (Fig. S27).

Photophysical properties

Lanthanide MOFs are considered one of the most potential
luminescent materials for their unique spectral properties such
as typical sharp characteristic spectra, good stability and tuneable
photophysical properties.*®*® The solid-state emission spectra of
Eu-based MOFs in Fig. 2a show that they exhibit similarly fine
structured characteristic emission with a narrow maximum
emission peak at around 614 nm which can be attributed to the
D, — ’F, emission band from the Eu atom."** The excitation
spectra of these MOFs and their corresponding ligands are
overlapping, but the emission spectra of these MOFs contain only
the characteristic emission from the Eu®" ion (Fig. S37), indi-
cating a typical antenna effect in the system,*>* that is, a charge
transfer process from the ligand to the metal center (LMCT). The
7 — m* transition of the ligand is excited, followed by inter-
system crossing (ISC) to the triplet state, and through energy
transfer (ET) to the Eu®" ion for emission® (Fig. 2b).
Variable-temperature  solid-state =~ luminescence  was
measured to investigate the change in emission intensity with
temperature. We found that the emission positions of the three
compounds did not change with temperature, indicating that
the emission process is stable. Interestingly, they both exhibit
two types of luminescence behaviours, that is, thermal
enhancement in a certain temperature range and subsequent
TQ. A sequentially increasing temperature range of thermal
enhancement among the three MOFs has been observed, that is
80-200 K for Eu-NH,-BDC, 80-250 K for Eu-OH-BDC, and 80-
300 K for Eu-NDC (the luminescence intensity stabilization part
is also included in the thermal enhancement), respectively
(Fig. 2¢). Eu-NH,-BDC showed the strongest thermal enhance-
ment at 140 K with an enhancement of 20.5%, while both Eu-
OH-BDC and Eu-NDC have their strongest luminescence
intensity at 170 K with an enhancement of 35.9% and 14.9%.
Further cycling experiments demonstrated the reversibility of
these thermal enhancement processes (Fig. S4-61). Moreover,
we also measured the temperature dependence of the lifetimes
of the three Eu-based MOFs (Fig. S71). Their lifetimes are
maintained within the range of a few hundred microseconds
(Fig. 2d). In general, nonradiative relaxation increases signifi-
cantly along with increasing temperature, resulting in a rapid
decay of luminescent lifetimes. However, the decay of the three
compounds appears significantly different (Fig. 2e). In Eu-NH,-
BDC, lifetime decays slowly in the thermal enhancement
temperature range and decays rapidly in the TQ temperature
range. The lifetime decay of Eu-OH-BDC is much weaker than
that of Eu-NH,-BDC, and the least lifetime decay appears in Eu-
NDC, which even showed a paradoxical enhancement. Consid-
ering that the emission from the Eu®* ion is relatively stable, the
weaker or even paradoxical enhancement of the lifetime decay

Chem. Sci., 2024, 15, 3721-3729 | 3723
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Fig. 2 Variable-temperature optical properties. (a) The emission spectra of Eu-NH,-BDC, Eu-OH-BDC, and Eu-NDC. (b) Schematic diagram of
the energy transfer process in three Eu-based MOFs. (c) Intensity variation of the maximum emission peak with temperature in Eu-NH,-BDC, Eu-
OH-BDC, and Eu-NDC. (d) Lifetime decay of the three Eu-based MOFs at 100 K. (e) Temperature-dependence of lifetimes of the three Eu-based

MOFs.

in Eu-NDC may reflect the improvement of the charge transfer
process. Moreover, their photoluminescence quantum yields
(PLQYs) at room temperature were tested to be 0.35% (Eu-NH,-
BDC), 1.92% (Eu-OH-BDC), and 5.67% (Eu-NDC), respectively
(Table S1t), which indicates that the luminescence efficiency
also improves combined with a relatively wider thermal
enhancement temperature range.

Negative thermal expansion behaviors

Differential scanning calorimetry (DSC) thermal cycling experi-
ments of the three MOFs (Fig. S81) showed no absorption and
exothermic peaks, which suggests that their abnormal lumines-
cence thermal enhancement behaviours have no relationship
with the phase transition. To investigate the temperature-
dependent structural changes of Eu-NH,-BDC, Eu-OH-BDC, and
Eu-NDC, variable temperature powder X-ray diffraction (VI-
PXRD) measurements were performed (Fig. S9-111). No phase
transition was observed in the measured temperature range of

3724 | Chem. Sci., 2024, 15, 3721-3729

123-373 K. The lattice parameters were obtained by the Rietveld
refinement method*® (Fig. S12 and Tables S2-4t). All three
compounds exhibit nonlinear NTE behaviour with increasing
temperature, which is consistent with further cyclic VI-PXRD
results (Fig. S13-17 and Tables S5-77), indicating that the NTE
behaviours of the three MOFs are reversible. By comparing their
NTE behaviours and luminescence intensity with temperature
(Fig. 3), we found that the NTE progress of the three MOFs could
also be divided into two parts. In the low temperature part, the
NTE coefficients are o, = +4.86 x 10 ° K * for Eu-NH,-BDC (from
123 t0 203 K), ety = —13.79 x 10~ ° K" for Eu-OH-BDC (from 123
t0 243 K), and a, = —3.93 x 10~ ® K for Eu-NDC (from 123 to 303
K), respectively. NTE is weak and corresponds to luminescence
thermal enhancement. In the high temperature part, the NTE
coefficients are o, = —30.43 x 10 ® K™ for Eu-NH,-BDC (from
203 to 373 K), a, = —30.95 x 10~ ¢ K * for Eu-OH-BDC (from 243
t0 373 K), and a, = —23.31 x 10~ °® for Eu-NDC (from 303 to 373 K),
respectively. NTE is significantly enhanced but corresponds to TQ.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To clarify the connection between luminescence thermal
enhancement and NTE, it is essential to analyse the origin of the
NTE. We performed variable temperature single crystal X-ray
diffraction (VI-SCXRD) to get precise structural changes, and
the refined results are in good agreement with the general trend
of VI-PXRD (Tables S8-10 and Fig. S18%). The structures of the
three MOFs are constructed by the europium oxygen cluster and
ligand, and their lengths decide the size of the unit cell. Length
changes of the europium oxygen cluster (d1), the ligand (d2) and
the unit cell (a) with temperature are shown in Fig. 4a. We found
that thermal expansion of the structure is controlled by both d1
and d2, but the change in d1 is minor while d2 is more consistent
with the change in thermal expansion, indicating that the thermal
expansion of the framework is mainly controlled by the ligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The atomic thermal vibrations of the crystal structure
(Fig. S197) were further analysed and showed that the direction
of maximum atomic thermal vibration in ligands is perpen-
dicular to the ligand plane and corresponds to the transverse
vibration of ligands, which then results in NTE along the ligand
direction. As shown in Fig. 4b, the transverse vibration of the
ligand could be divided into the aromatic ring and oxygen
atoms, and their different transverse vibrations were analysed
using the change of length of these two parts (d3 and d4,
dominated by thermal vibrations of oxygen atoms and aromatic
rings, respectively) to evaluate their contribution to thermal
expansion. Interestingly, d3 and d4 exhibit opposite trends with
temperature in nonlinear modes, which corresponds to the
change in thermal expansion of the framework. The thermal
expansion change of d3 determines the thermal expansion of
the framework significantly. In low temperature ranges, the
positive thermal expansion of the framework mainly originates
from the positive thermal expansion of d3, and when d3 tran-
sitions to NTE, the framework also transfers to NTE.

Due to the remarkable LMCT character of this series Eu-based
MOFs, the change of the ligand with temperature could inevitably
affect the charge transfer. In this work, the change in thermal
expansion of the framework corresponds to the change in lumi-
nescence intensity. As direct reflection indices of thermal
expansion in ligands, d3 and d4 could directly correlate with
luminescence thermal enhancement. The NTE of the aromatic
ring typically facilitates charge transfer;* the larger the NTE of d4,
the greater the percentage of luminescence thermal enhance-
ment (35.9% for Eu-OH-BDC, 20.5% for Eu-NH,-BDC and 14.9%
for Eu-NDC, respectively). Moreover, when the thermal expansion
of d3 decays or even transfers to NTE, which indicates the
increasing transverse vibrations of the oxygen atoms, a rapid
attenuation of the luminescence intensity can be observed.

As the direct coordinated site linking Eu metals, O atoms
play key roles in the LMCT progress, and the increasing vibra-
tion of O atoms may have a negative effect on the LMCT prog-
ress and thus leads to a decrease in luminescence intensity.
Related research is underway in our lab. Moreover, different
functional groups can affect the transverse vibrations of the
aromatic ring (Fig. 4c). In detail, ligands with ~OH units allow
the framework to show a larger NTE than -NH,, combined with
an increase in both the ratio and range of luminescence
enhancement. The ligand in Eu-NDC with more atoms and
large steric hindrance slows a later transfer temperature of
thermal expansion, resulting in the largest range of lumines-
cence thermal enhancement.

Temperature-dependent FT-IR study

There is a correlation between infrared vibration mode
intensity and thermal expansion,*>** and we chose precise
temperature-dependent Fourier transform infrared (FT-IR)
spectroscopy to assist in demonstrating the correlation
between vibrations and NTE. Fig. 5a-c show that the infrared
spectra are dominated mostly by the characteristic bands of
the ligands. In Eu-NH,-BDC, the infrared peaks at 1383 cm™*
and 1572 cm™ ' are attributed to the symmetric and

Chem. Sci., 2024, 15, 3721-3729 | 3725
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asymmetric stretching vibration modes of ~-COO groups, and
the peak at 702 cm ™" in the low frequency band comes from
the aromatic ring torsion vibrations.**** The symmetric
stretching vibrations peak of ~-COO are observed at 1597 cm™*
and 1609 cm ' in Eu-OH-BDC and Eu-NDC, respectively,
while the asymmetric vibration peaks are all at 1371 cm ™.
The aromatic ring torsion gave peaks at 698 cm ™' for Eu-OH-
BDC and 665 cm ™' for Eu-NDC. To our surprise, the intensity
of peaks belonging to aromatic ring torsion was found to
show a more significant change with temperature compared
to other peaks (Fig. S20f). These intensity changes are
consistent with the NTE trend, which indicates that the
aromatic ring plays a key role in the NTE process (Fig. 5d-f). It
is worth noting that in Eu-NH,-BDC and Eu-OH-BDC, the
intensity changes of the low-frequency vibration fitted well
with the NTE trend, while the two trends are incommensu-
rable in Eu-NDC, and this displacement may come from the
larger steric effect and more atoms in NDC ligands.

Conclusions

In summary, we illustrate the relationship between NTE and
luminescence thermal enhancement in a series of Eu-based
MOFs. Precise structural determination demonstrates that the
NTE of the aromatic ring facilitates luminescence thermal
enhancement, yet the transverse thermal vibration of the oxygen
atoms hinders charge transfer and leads to quenching. More-
over, functional group modifications with large steric hindrance
in ligands can improve the thermal vibration of the aromatic ring
and thus broaden the temperature range of thermal enhance-
ment. The NTE-luminescence correlation and ligand engineering
approach in this work provides insightful guidance in terms of
overcoming TQ with NTE molecular materials.
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