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ABSTRACT The ability to molecularly engineer luminescent metal-organic frameworks is a powerful
tool for the design of better performing rational temperature sensors. Lanthanide based MOF stand
out as luminescent temperature sensors due to the high luminescence intensity and sharp emission

lines of the lanthanides. The use of two different lanthanide cations incorporated into the same MOF



structure is supposed to allow for a rational, that is self-referencing, temperature sensing. Here, we
present series of mixed Eu,Tb(1BTC, which were designed as nanoparticles. The EuxTb1.4BTC series
shows controllable luminescent properties, which depend on the solvation of the lanthanide. The two
MOFs in the series with the lowest Eu content, i.e. Euo.0aTbo9sBTC and Euo.0.Tho9sBTC, are suitable

candidates for rational temperature sensing in the range between 200 and 270 K and above 300 K.

Introduction

In the field of chemical sensing, metal-organic frameworks (MOF) have attracted much attention as
they combine the advantages of high surface areas and pore volumes, crystallinity with tuneable
structures and functionalities.? Thus, MOFs have found application in easy-to-read optical sensors,*
> as well as in electrochemical sensing®’ and fluorescent sensing.»® ! As for other applications, MOF-
based fluorescence sensors stands out compared to other materials due to their modular synthesis
allowing to adjust the MOF structure and chemical composition and, thus, to tailor its properties. This
has in the past allowed to design fluorescence sensors with high target selectivity as well as high
sensitivities and low limit of detection. MOF-based fluorescence sensors have found application in
various fields including toxic metal ion detections in wastewater, gas and volatile organic compounds
detection but also for determination of physical properties such as pH value, humidity and
temperature.2&11

To allow for ratiometric sensing, that is self-calibrating sensing without the use of an external
reference, at least two different luminescent centres are required.® This can include two different
metal complexes, e.g. two different lanthanides, two QDs or a combination of a QD and a metal
complex. Lanthanide-based MOFs are attracting increasing attention due to the high luminescence
intensity and sharp emission lines of the lanthanides.'? Thus, from the two (or more) transitions
originating from the different emissive centres within the same material, the sensor signal is
determined optically as the ratio between the probe-dependent emission intensities. In case of

temperature sensing, the nature of the MOF, i.e. the metal and organic linker combination, mainly



determine the temperature range which can be accurately measured. However, as ratiometric
temperature sensing might offer large potential as an in situ probe to detect local temperature
changes during a given application, e.g. a catalytic reaction or an adsorption process, precise
understanding of the temperature sensing under different conditions is required. However, studies
addressing this point are rare. This understanding is of significant importance, in particular as the
luminescence in LnBTC’s strongly depend on the conditions, e.g. the presence of a solvent.>* It has
been postulated that due to intermolecular interaction forces between the BTC linker — form the
dispersed MOF — and the solvent, relaxation of excited BTC states occurs instead of energy transfer
from excited BTC states to the luminescent Ln centers.™

Most of the pure Ln-containing MOFs known, show a preferred crystallization along one
crystallographic direction leading typically to large needle-shaped crystals.’®'® While this is very
attractive for crystal structure determination, it may hamper their application in areas where size
becomes important such as in contrasting agents in bio-imaging or in thin films. A prominent technique
to control the size and shape of MOF crystals is the use of modulators. In their seminal report, Guo et
al. reported the use of sodium acetate (NaOAc) as a suitable capping agent to reduce the particle size
without affecting the crystal structure and properties of LnBTC MOFs.*® While the original protocol
allowed for the synthesis of rod-like LnBTC of several tenth of um in length,*° the protocol reported
by Guo et al. lead to the synthesis of almost spherical particles with diameters below 100 nm. Those
LnBTC (nano)particles have found wide application in the field of luminescent sensing, including small

13,20

molecule detection, and ratiometric temperature sensing? or in the field of luminescent thin

films. 192223

Here we report the investigation of the ratiometric temperature sensing in a series of mixed
europium and terbium BTC MOF, labelled as EuxTb(1BTC. Using the NaOAc-modulator approach, the
EuxTb(1.qBTC series was obtained as nanoparticular systems, to use them not only in the dry solid state

but also dispersed in various solvents. Temperature sensing was established on dry powders of

EU0.04Tho96BTC and Euoo:ThoosBTC. Finally, we will show that an extension towards rational



temperature sensing in the presence of a solvent is feasible using the pure EuBTC and TbBTC as model

compounds dispersed in ethanol.

Experimental Section

Materials and Methods

Eu(NOs);:6H,0 (Thermo Scientific, 99.9%), Tb(NOs)s;:6H,O (Thermo Scientific, 99.99%), 1,3,5-
benzene tricarboxylic acid (H3BTC, Alfa Aeser, 98%), N,N-dimethylformamide (DMF, Merck, 99.5%),
NaOAc (Merck, 99%) and ethanol (Merck, >95%). All chemicals were used as supplied without further

purification.

Powder x-ray diffraction (PXRD) patterns were collected on a PANalytical Emryrean series 2 or on a
PANalytical X'Pert Pro in Bragg-Brentano geometry using CuKa radiation at 26 angles between 2 and
50°. Thermogravimetric analysis (TGA) of powder samples was measured on a Hi-Res TGA 2950
Thermogravimetric Analyzer (TA Instruments) in the temperature range from room temperature to
700 °C with a heating rate of 2 K/min in synthetic air. Inductively coupled plasma optical emission
spectroscopy analysis was done using an SPECTRO Ciros-CCD. IR spectra were recorded using a JASCO
FT/IR-4100 in attenuated total reflectance geometry (ATR, resolution 2 cm™, 64 scans),
Photoluminescence (PL) spectra of the suspensions were recorded using a fluorescence
spectrophotometer (Horiba Fluorolog) at 25 °C (room temperature) and 50 °C. PL spectra of the solid
samples were recorded using a Jasco Spectrofluorometer FP-8500 (Aex = 256 nm). Scanning electron

microscopy (SEM) images were obtained on a Carl Zeiss Gemini Ultra 55.

Synthesis procedure
Micrometer sized particles: The Ln-BTC MOF was synthesized following a modified literature
procedure.? In a typical synthesis 670.0 mg (1.50 mmol) Eu(NOs)s3.6H,0 and 321.7 mg (1.50 mmol)

H3BTC were dissolved in a mixture of 45 ml DMF and 15 ml H,0 in a 100 ml Schott flask. The flask was



sealed and placed in an oven preheated to 80 °C. After 3 days, the reaction mixture was cooled to
room temperature and the white needles formed were isolated by centrifugation, washed once with
30 ml DMF and the solvent exchanged with ethanol. After 1 h, the solid was isolated by centrifugation
and the washing with ethanol repeated twice. The solid was dried at 80 °C over night to yield micro-

EuBTC as white needles. Yield: 588 mg (1.22 mmol, 80 %).

Nanoparticulate Eu,Tb(1.BTC MOFs: The MOF NPs were synthesized following a modified literature
procedure.” In a typical synthesis of mixed LnBTC (EuosTbosBTC), 373.4 mg (4.5 mmol) NaOAc were
dissolved in 57 ml DMF and 3 ml deionized H,0 in a 100 ml round bottom flask equipped with a reflux
condenser. Next 339.8 mg (750 umol) Tb(NOs)s;:6H,0, 334.6 mg (750 umol) Eu(NOs)s:6H,0 and
321.7 mg (1.5 mmol) H3BTC were added and the synthesis mixture was heated to 110 °C and stirred at
this temperature for 4 h (300 rpm). After cooling to room temperature, the white solid was isolated
by centrifugation, washed with ca. 30 ml DMF and 30 ml absolute ethanol (three times). The white

slurry was dried in an oven at 80 °C. Isolated yield: 471.3 mg (1.02 mmol, 68 %).

All EusTbh(1BTC NP samples were prepared following the procedure described above and are

denoted accordingly to the experimentally determined molar ratios as: EuxTh(1-4BTC MOFs [x =0 to 1].

Results and Discussion

Mixed-metal Eu/Tb BTC MOFs

The PXRD patterns of the as-synthesized LnBTC MOFs with varying ratios of Eu and Tb in the
synthesis mixture (EuxTb(1-¢BTC MOFs [x = 0.0 to 1.0]) are similar to each other and show the presence
of characteristic peaks for the parent EuBTC* and [TbBTC]-(DMF)(H2005) (Figure 1a).?® As the materials
were obtained as nanoparticular powders (Figure 1e,f), they exhibit rather broad peaks. Thus, small

changes in lattice parameters, expected when gradually replacing Eu with Tb, cannot be observed.



However, the very similar peak pattern and profiles observed confirm that a series of isostructural
MOF is obtained. Here we note that the composition in the EuxTb(1.4BTC has however an impact on
the crystal shape. While the pure LnBTCs were obtained as spherical particles, the mixed-LnBTCs are
still needle-shaped. The characteristic length of the particles, however, is always below 500 nm.

The thermal stability and decomposition behaviour of all materials is very similar as observed by
thermogravimetric analysis (TGA) in air. Between room temperature and 275 °C desorption of
remaining ethanol, water and/or DMF occur, while network decomposition only starts above 350 °C.
The relative mass loss above 350 °C changes form approx. 49 % in case of EuBTC to approx. 47 % in
case of TbBTC, in line with the expected values for the two pure phases. As final products of the
decomposition Eu,03 and Th4O7 are obtained.?® The results from TGA, combined with results from
inductively coupled plasma optical emission spectroscopy (ICP OES), are thus indicative for an almost
perfect one to one stoichiometry between lanthanides and BTC. Indeed, using ICP OES only traces of
sodium are detected in all materials. The almost perfect stoichiometry is further evidenced by IR
spectroscopy. The vanishing of the characteristic v,5(COO) vibration of H3BTC around 1720 cm™ in all
MOFs of the series highlights that hardly any missing cluster defect is present (Figure 1c). Such a defect
would give rise to only partially deprotonated H3BTC which would in turn be characterised by its
vibration around 1720 cm™. Likewise only traces of acetate might be present in this series of samples,
as the characteristic CH vibrations around 2990 and 2930 cm™ are barely visible. Interestingly, the
accessibility towards nitrogen as probe molecule in physisorption experiments drops tremendously
for the mixed metal MOFs in the series. While after activation at 150°C TbBTC shows an apparent
surface area of 460 m?/g, it drops to 170 m?/g in EuBTC and below 100 m?/g for the mixed metal
LnBTCs. The apparent surface area of the pure MOFs are in line with literature reports on Tb and Eu
MOFs,2%%>, but lower as compared to their Ho, Tm, Lu and Dy counterparts.?’ To the best of our
knowledge no apparent surface area have been reported for similar mixed LnBTCs, albeit widely
used.!2192223 Here we see, that the mixed LnBTCs possess significant lower apparent surface areas,

the reason for this behaviour is yet not fully understood.
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Figure 1. a) PXRD patterns of as-synthesized EuxTh(1.\BTC MOFs [x = 0.0 to 1]. Bragg marker for [EuBTC
(H20)]:(H20)15 (red, CCDC 617492'%) and [TbBTC]-(DMF)(H.0)os (green®). b) TGA recorded under
synthetic air (2K/min heating rate), c) IR spectra of EuxTb1.qBTC MOFs (same color code as in a)
together with the IR spectrum of H3BTC (dark grey) and NaOAc (light grey) and d) N> pysisorption
isotherms recorded at 77 K (same color code as in a), closed symbols denote the adsorption, open
symbols indicate the desorption branch). Exemplary SEM images of TbBTC (e) and Eu.04TbossBTC (f)

highlighting the roundish shape of the particles. Scale bar 1 um.

Luminescent properties of EuxTh(;.\BTC MOFs

The luminescence spectra of the samples were measured in the solid state and as a suspension in
EtOH. In the solid state, upon excitation at Aex = 254 nm the pure TbBTC shows the characteristic
emissions centered at approx. 489 (°Ds = "Fe), 545 (°Ds = "Fs), 586 (°Ds = F4) and 622 nm (°D4 = 7Fs).
With decreasing Tb content in the Eu Tb(1.4BTC series, the intensity of those lines decreases, while the
intensity of the lines characteristic for Eu centered emissions at 595 (°Do = ’F1), 616 (°Do = F,), 653
(°Do = 7F3) and 695 nm (°Do = "F4),%® increase for low Eu ratios and decrease for higher Eu ratios. We
note that, as soon as Eu is added, the Tb emission decreases and vanishes almost completely from an

Eu content of 25 % onwards. Such a decrease of the Tb emission intensity upon doping the framework



with Eu has also been observed in e.g. series of [ThyEuz-2x(bdc)s(H20)4] or EuTbixDMBDC MOFs, 30
and has been attributed to an efficient, most likely Férster type, energy transfer from Tb to Eu.3133
The decrease in Eu emission with increasing Eu content might be attributed to concertation quenching
in form of energy migration from Eu®* to a non-radiative recombination site or by cross relaxation with
other (excited) Eu sites.3® As the excitation mainly occurs on the ligand, the energy transfer thus also
involve excited states of the linker. The excited states energy of the BTC linker is higher than the °D,
(Tb) and °D; (Eu) energetic levels. We supposed that similarly to literature reports, energy transfer

occurs via intersystem crossing from linker based triplet states to °D; level, internal conversion into

Do energy level occurred, followed by emission into ’F; levels.3*
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Figure 2. a) Photoluminescence spectra of EusTh(1-BTC MOFs [x = 0.0 to 1.0] in the solid state (Aqx:
254 nm), b) corresponding quenching ratio of the Tb emission at 489 nm (purple) and 543 nm (dark
gray). Comparison of solid state photoluminescence spectra with PL spectra suspension in ethanol and

acetonitrile of (c) EUBTC and (d) TbBTC (Aq4 (suspension): 300 nm).

The emission spectra of suspension of the pure MOFs in ethanol are very similar to the PL spectra in
the solid state (Figure 2), with however a slight shift of the emission wavelength of the Eu *Do=>7F»
transition. Interestingly, when replacing ethanol with acetonitrile, the emission profile of TbBTC
remains unaltered, while the emission profile of EuBTC is hugely affected. Beside the shift of the
5Do=>7F, transition, also the relative intensities of the transitions changes as compared to the PL
spectra recorded in ethanol and in the dry solid state. The luminescence intensity of the pure MOFs
when dispersed in ethanol increases when rising the temperature from 293 K to 323 K (Figure 3). For

EuBTC anincrease of approx. 50 % is observed, independently of the transition studied. However when



TbBTC s dispersed in EtOH, the increase in luminescence intensity depends on the transition observed.
While for the °Ds = “Fs (488 nm) and °Ds = “Fs (545 nm) transition, the increase is about 25%, it
increases up to 62 % for the °D4 = ’F; transition.

Inspired by those data, the photoluminescence properties of the Eug02Tbo.9sBTC and Euo04TbooeBTC

MOFs were investigated in more detail in order to use them as potential luminescent thermometers.
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Figure 3. Photoluminescence spectra of EUBTC (a) and TbBTC (b) measured as suspension in EtOH at

293 K and at 323 K (Agy: 254 nm).

Temperature-dependent luminescence spectra were recorded for Eug.04Tbo.9sBTC and Eu.02Tho.9sBTC
in the temperature range from 200 to 330 K in the solid state. The terbium-based emission, e.g. at
488 nm and 542 nm, decreases linearly with increasing temperature. We note that there seems to be
a discontinuity between 280 and 300 K. However, for the Eu-based emission, the temperature
dependency is more complex. Between 200 and 270 K, the emission decreases linearly with increasing
temperature, while above 270 K it increases again. Between 280 and 300 K also for the Eu-based
emissions there is a discontinuity observed. In the range from 200 to 270 K the decrease in emission
is stronger for Tb than for Eu-based emission, for both materials and in line with results on single
lanthanide Lny(Hpcpa)s(H20)s-H,0 (Hspcpa = N-(4-carboxyphenyl)oxamic acid).?® For EuBTC doped with

CsPbBr; quantum dots,?* as well as Euo37Tboe3sBTCH an increase in emission with increasing



temperature above 293 K has been reported. In contrast for a series of EuxTb(1--DMBDC (x = 0.0011,
0.0046, 0.0069; DMBDC = 2,5-dimethoxy-1,4-benzenedicarboxylate) a different behaviour has been
reported.3® While Tb emission still decreases with increasing temperature, Eu emission increases with

increasing temperature in the range from 10 to 300 K. Interestingly for pure Eu-DMBDC and pure Th-
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Figure 4. Temperature dependent luminescence spectra recoded between 200 and 330 K after
excitation at 370 nm of Eug.04ThossBTC (a) and Euo.02TbossBTC (c). Corresponding Evolution of the
luminescence, expressed as area at a given temperature divided by the area at 200K, with
temperature for Euoo4Tbo9sBTC (b) and Eupo2TbossBTC (d). Gray circles highlight the region of

discontinuity in the temperature dependency.

DMBDC, a decrease of the emission with increasing temperature has been reported. The inversion of
the temperature dependency of Eu emission when doped into Tb-DMBDC matrix has been explained

by an efficient energy transfer from Tb to Eu. The efficiency of this energy transfer increased with



temperature and with decreasing amount of Eu.®* The difference to the observed profile of
EU0.04Tho.96BTC as well as Eug.02Tho.9sBTC might be the higher amount of Eu used in our study, making
the energy transfer per Eu atom less efficient as compared to the Euo.o0s9Tbo.9931-DMBDC system, in
particular at low temperatures. As the efficiency of the energy transfer will most likely also increase
with temperature in the Eup04Tho.s6BTC and Eup0,Tho9sBTC systems, this might explain the increase in
Eu emission above 270 K. In case of Euo.0:Tho.esBTC the lifetime of the Eu >Do = ’F, transition is almost
constant in the entire temperature range investigated, while the lifetime of the Tb °Ds = 7Fs transition
decreases with increasing temperature (Figure 5). The long rise time of the decay line of Eu °Do =2 F;

transition might also hint to an energy transfer between the two luminescent centers.
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’F, transition and (b) the Tb °D4 = 7Fs transition.

Conclusions

Using the acetate mediated synthesis s protocol of LnBTCs, we obtained a series of EuxTh(1-BTC
MOFs, in which the ratio of the two lanthanides is controlled by the synthesis gel composition. The
precise control of the lanthanide stoichiometry allows to control the luminescent properties of the
final material. While for Eu loadings above 25 mol% the Th emission is completely quenched, in
EUo0.04Tho.96BTC still remain 20% of the Tb intensity of the parent TbBTC, sufficient to be used as a
rational temperature sensor. EugosTbossBTC and Euoo:ThoesBTC, allow for rational temperature

sensing in the range between 200 and 270 K and above 300 K. Interestingly, the emission profiles of



Tb centres are not affected when the material is dispersed in different solvents, while for Eu centres
the emission wavelengths of the transitions as well as the intensity ratios for the different transitions
changes in the presence of ethanol and acetonitrile. Therefore the solvation of the MOFs should be
considered when using them as rational temperature sensors in suspensions. As only the Eu emission

is affected, this solvation dependency can be rationalised and taken into account in such sensors.
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