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ABSTRACT: Easy-to-integrate, remote read-out thermometers
with fast response are of huge interest in numerous application
fields. In the context of optical read-out devices, sensors based on
the emission of lanthanides (Eu(Ill), T b(IIl)) are particularly
promising. Here, by using a layer-by-layer (LbL) approach in the
liquid-phase epitaxy process, a series of continuous, low-thickness
lanthanide-MIL-103 SURMOFs were fabricated to yield highly
sensitive thermometers with optical readout. These Ln-SURMOFs
exhibit remarkable temperature-sensing photoluminescence behav-
ior, which can be read out using the naked eye. High transmittance
is realized as well by precisely controlling the film thickness and the
quality of these Ln-SURMOF thermometers. Moreover, we
demonstrate that the thermal sensitivity can be improved in the
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temperature regime above 120 K, by controlling the energy transfer between Tb(III) and Eu(III). This performance is achieved by
employing a sophisticated supramolecular architecture, namely MOF-on-MOF heteroepitaxy.
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INTRODUCTION

Precise and rapid temperature-sensing with contactless readout
is a key requirement in science and engineering.l_4 In a
continuous effort to improve the performance of such devices,
advanced materials and technologies are being developed for
applications in various fields, including the monitoring of
industry reactions and biological processes, as well as in
cryogenics technology.”™” In this context, temperature sensors
with optical readout are of particular interest, since they allow
for straightforward integration without the need for electrical
contacts. Among the different variants of optical temperature
sensors, luminescence-based devices have particularly appeal-
ing properties.””” Appropriate choice of materials allows to
determine the temperature directly from the ratio of two
emitted intensities.'’ ">

Lanthanide-based compounds, where chromophoric anten-
nas are attached to the metal ions, are very attractive in this
context. The excitations resulting from light absorption in the
antennas is transferred to the metal centers, where
recombination leads to the emission of photons with
characteristic frequencies.”*~'® If the energy differences
between the antenna excited 7*—n state and the Ln exited
states are sufficiently low, thermal activation can result in a
back-transfer, thus rendering a temperature dependence to the
Ln emission intensities.~~ Ratiometric combination of two
different lanthanides (e.g.,, Tb(III), Eu(III)) then allows, after a
suitable calibration, the determination of temperature from the

ratio of the two characteristic Ln emissions. Ratiometric
thermometers based on this strategy have been reported in
earlier studies.”*™*

Evidently, for obtaining devices with reproducible perform-
ance and predictable dependence of the emission ratio on
temperature, a precise control of mixing of the lanthanide
centers is crucial. In this context, the uncontrollable, direct
energy transfer between Ln ions limits performance. Simple
mixing of appropriate compounds allows only for limited
control of the Ln—Ln distances. Therefore, crystalline metal—
organic frameworks (MOFs), where the lanthanide ions are
connected by appropriately functionalized chromophores
acting as linkers, are very well suited for the fabrication of
Ln-based sensor materials.”” ™" The virtually infinite number
of different chromophoric linkers allows easy tuning of light
absorption and energy transfer.”””** These features of
lanthanide-based MOFs have been well explored to make
luminescent sensors and thermometers.' "'

A remaining problem is the distribution of the two different
lanthanides in the MOF. When using a simple mixture of the
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Figure 1. (a) Schematic illustration of Ln(III)-MIL-103 thin films (Ln = Eu(III), Tb(III) or Gd(III)), the substrate with the functionalized surface
is simplified as blue slice; (b) out-of-plane XRD patterns of the Eu(III)-MIL-103 thin film, Tb-(III)-MIL-103 thin film and Gd(III)-MIL-103 thin
film; (c) mass change per square centimeter during the LbL growth of Eu(III)-MIL-103 thin film measured by a quartz crystal microbalance

(QCM), inset: mass change in each step.
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Figure 2. (a) Top view of Eu(III)-MIL-103 thin film (40 layers), the length of the white scale bar is 200 nm; (b) cross-section of Eu(III)-MIL-103
thin film (40 layers), the length of the white scale bar is 200 nm; (c) UV—visible transmittance spectra of Eu(III)-MIL-103 thin film (red) and
Tb(III)-MIL-103 thin film (green) in visible light range, inset: photographs of Eu(III)-MIL-103 thin film (right) and Tb(III)-MIL-103 thin film

(left) under sunlight (top) and 285 nm ultraviolet light (bottom).

two different lanthanides, often segregation occurs during the
solvothermal MOF synthesis, leading to strongly varying
emission rations upon illumination.*® For a homogenous
mixing of, e.g, Tb(III) and Eu(IIl) the above-mentioned,
uncontrollable energy transfer leads to a substantial decrease of
the Tb(III) emission. If segregation occurs, this unfavorable
effect will be reduced.'”*”*® As a consequence, the rational
adjustment of luminescence color and temperature sensitivity
depends very sensitively on the synthesis parameters and is
difficult to predict.

In principle, these problems can be overcome when instead
of the conventional solvothermal MOF synthesis a layer-by-
layer (LbL) scheme is used to fabricate MOF thin films.*****°
In this work, we have explored the LbL growth approach to
create heterolayers of lanthanide MOFs and demonstrated its
superior performance as a thermometer with substantially
improved sensitivity.

LbL, liquid-phase epitaxial growth has been applied before
to grow oriented, transparent thin films of lanthanide-based
MOF-76.""* Precise thickness control and heteroepitaxial
growth of the Tb(III) and Eu(III) MOF-76 allowed tuning the
emission color in a predictive fashion, whereas for Tb(III)-
Eu(IlI) mixed-MOF-76 fabricated using mixtures, large
fluctuations were observed. In this work, we have explored a
new lanthanide-MOF, Ln-BTB (BTB = 1,3,5-tris (4-carboxy
phenyl) benzene) or MIL-103.%~* We have synthesized thin
films of MIL-103 with Eu(III), Tb(III), and Gd(III) metal ions
using the LbL methodology. Control over the thickness of the
individual Ln(III) MOFs allowed us to grow heterolayer
MOFs with strongly reduced inter-Ln(III) energy transfer
rates. We demonstrated that this approach of heterolayer
fabrication yields a highly sensitive luminescent thermometer
with a straightforward optical read-out.

RESULTS AND DISCUSSION

The present work is based on a lanthanide (Ln)-based MOF,
also known as MIL-103, constructed by connecting Ln
(Bu(I1I), Tb(III), GA(III)) ions via 1,3,5-benzenetrisbenzoate
(BTB) linkers. In MIL-103, 9-fold coordinated Ln(III) ions
[LnO,] form a chain running along the crystallographic [001]
direction.**™* These chains are connected by BTB linkers to
yield channels with a hexagonal cross-section (10 X 10 A?), as
illustrated in Figure la. The LbL procedure to synthesize the
MIL-103 (Eu(I1I), Tb(III), Gd(III)) in the form of a thin film
is described in the Experimental Section. Film deposition on a
functionalized substrate could be monitored in situ using a
QCM, as shown in Figure lc. The resulting thin films, also
referred to as SURMOFs, of Eu(III), Tb(III), and Gd(III)
exhibited similar out-of-plane diffraction patterns. The XRD
data are fully consistent with patterns from simulations using
the MIL-103 structure, demonstrating the presence of phase-
pure isostructural MIL-103 for all three lanthanides used here
(Figures 1b and S1).

The SURMOF infrared reflection absorption spectra
(IRRAS) exhibited the characteristic asymmetric and sym-
metric stretching vibrations of the —COQO™ groups in the range
of 1583—1528 and 1412—1375 cm™’, respectively (Figure
$2).* These data are fully consistent with the presence of
[LnO,] building units, a key structural motif of the MIL-103
structure. The stability of the SURMOFs after immersion in
different solvents was checked by out-of-plane XRD experi-
ments. The absence of immersion-induced changes reveals an
exceptional solvent tolerance (Figure S3).

Using the LbL growth, continuous MIL-103 SURMOFs can
be produced with controllable thickness and roughness. As
shown in Figures 2a,b, and S4, scanning electron microscope
(SEM) and atomic force microscope (AFM) images exhibited
uniform surface coverage of MIL-103 SURMOFs on the
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Figure 3. (a) UV—Vis absorbance spectra of Ln(III)-MIL-103 thin films (Ln = Eu(III), Tb(III) or GA(III)); (b) emission spectra of Ln(III)-MIL-
103 thin films (Ln = Eu(III), Tb(III) or Gd(III)); (c) ratio of intensity at different temperature (I) to the intensity at 297 K (Lgx) (green:

Tb(III)-MIL-103 thin film; red: Eu(III)-MIL-103 thin film).

substrate. Unwanted light scattering effects from the surface
were drastically reduced, thus avoiding a substantial loss of
optical transparency. As illustrated in Figure 2c, the
experimental data revealed that the transmittances of MIL-
103 SURMOFs were beyond 92% (blank substrate as
reference) in the visible light range.

We have studied the photophysical properties of the MIL-
103 SURMOFs. For all three different MOF thin films, the
absorbance spectra exhibited a maximum at 285 nm,
corresponding to the z—7z* transition of the linker BTB
(Figure 3a). Upon excitation at 285 nm, the Eu(IIl) and
Tb(III) MIL-103 thin films exhibited characteristic emission
lines (Figure 3b). For Eu(Ill) MIL-103, the luminescence
peaks were located at 578, 590, 614, 653, and 697 nm. These
peaks are the result of transitions from the excited SD state to
the 7F] (J=0,1,2,3, and 4) ground state.”® The transition
from °D, to 'F, at 614 nm (red) exhibited the highest
intensity. Tb(III) MIL-103 exhibited—in addition to the
broad BTB #*—x emission at 384 nm, four sharp peaks at 489,
543, 584, and 616 nm, which are assigned to the transitions
from the excited D, level to the 7F] (J=6, 5,4, and 3) ground
state.*® The peaks at 489 and 543 nm (green) are the most
intense emissions. In the case of Gd(III) MIL-103 thin film,
only the BTB based emission at 375 nm (Figure 3b) was
observed. No emission from Gd(III)-states were observed
since the excited state 4f levels of Gd(III) are located far above
the triplet excited state of the antenna.””*® As noted above,
direct excitation of Ln levels (i.e., without antenna effect) is so
weak that it could not be observed in these experiments.

The well-resolved, intense emission peaks of Tb(III) and
Eu(IlI)-based MIL-103 MOFs make them suitable for
temperature-sensing applications, as demonstrated in the
previous work.'*~"*'?> Briefly, the temperature dependence
of the emission intensities can be explained as follows.

The primary process is the absorption of UV light by the
BTB ligand, leading to an excited triplet state. The energy is
then transferred to the long-lived lanthanide resonance levels,
from where re-emission takes place.'”~">* If the triplet-
resonance energy gap (Aggr) is sufficiently small (<1850
cm™'), the long lifetime of the excited Ln ions allows for a
transfer back to the BTB triplet state.”” Because of the
activation energy needed, this back-transfer will be more
efficient for higher temperatures. In the present case, Aggp for
Eu(III) and Tb(III) MIL-103 SURMOFs amount to 3583 and
403 cm™', respectively (Figure S6). Hence, for Eu(IIl), the
activation energy for the back-transfer is so large that the
intensity will be very low for the temperature regime studied
here.

This temperature dependence of the emission profiles
recorded in the temperature range of 297-77 K is fully
consistent with this expectation. Eu(III) showed only a weak
temperature response compared to the Tb(III) MIL-103 film
(Figures 3c and S6).

For the fabrication of SURMOF-based temperature sensors
reported here, we employed three different strategies: (i) a
mixed-layer Eu(III)-and-Tb(III) MIL-103 SURMOF; (ii) a
bilayer hetero-SURMOF obtained by growing Eu(III) MIL-
103 on top of Tb(IIT)-MIL-103; (iii) trilayer hetero-SURMOF
obtained by growing Eu(III) MIL-103 on Gd(III) MIL-103 on
Tb(III) MIL-103. While the first type of mixed-lanthanide
structure can be easily made by the conventional solvothermal
approach, the second and third approaches are only feasible by
the LbL epitaxy approach, as described before. The three thin
films prepared by these three approaches are denoted as Eusy,/
Tbgyy mixed-layer, Euy ./ Tbgscyce-heterolayer, and Euycyqe/
Gd,yere/ Thscyae-heterolayer. Figure 4a—c shows the entire
emission spectra of the MOF thin films with changing
temperature. Note that both of these films have a similar
Eu(II): Tb(III) ratio, but exhibit different thermal responses,
as illustrated Figure S7.

Using the emission lifetimes of the Tb(III) and Eu(III), for
both of the thin films, a temperature-dependent energy transfer
efficiency can be determined (see Figure S8). The energy
transfer efficiency was calculated using the following

11,50
equation:

T
E=1-— Tb/Eu

TTb

where Ty, and 7y, are the emission lifetime Tb(III) at 543
nm, in the presence and absence of Eu(IIl), respectively.
Evidently, the Eusy/Tbg;e mixed-layer SURMOF exhibited a
substantially higher intra-ion energy transfer efficiency than the
Eu,cyeie/ Thgscyce-heterolayer, particularly at higher temper-
atures. Meanwhile, the energy transfer in the Eu, ./
Tbgscyae-heterolayer was higher than in the Euyyqe/Gdyeyae/
Tbgscyae-heterolayer. The steady increase of energy transfer
efficiency with increasing temperature is attributed to the
phonon-assisted Forster energy transfer mechanism.>'>*

Commonly used figures of merit for temperature sensors are
the thermometric parameter A and thermal sensitivity Sr,
which are defined by:***

A= MS: — i‘%
IEu614 AloT
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Figure 4. Schematic drawing and emission spectra of (a) Eusq,/Tboye-
BTB mixed-layer thin film; (b) heterolayer Euyeye/ Thgscyqe-BTB thin
film; (c) heterolayer Eu, ./ Gchycle/ Tbeseyee-BTB thin film; Eu(III)
are shown in red, Tb(III) are shown in green, and Gd(III) are shown
in blue; (d) corresponding relative thermal sensitivity Sr of Eusy/
Tbgy-BTB mixed-layer thin film (black), heterolayer Eu,q./
Tbgscye-BTB  thin film (red) and heterolayer Euyyqe/ Gdyeyere/
Tbgseycte-BTB thin film (blue).

where Irps,; and I, are the intensities of the emission from
’D, to "Fy in Th(III) at 543 nm and D, to ’F, in Eu(III) at
614 nm. As shown in Figure S9, for all SURMOF types, the
thermometric parameter decreases with increasing temper-
ature. The analogous temperature-dependent emission behav-
ior can be mainly attributed to the obvious thermal response in
the Tb(III) MIL-103. The A value is higher for the Euyeyee/
Tbgscyae-heterolayer and Eu,e/Gdyeyere/ Thescyae-heterolayer
because the energy transfer from Tb(III) to Eu(IIl) is strongly
reduced due to the larger average distance in these two
heterolayer SURMOFs.

In both hetero- and homo-Eu(III)/Tb(III) MIL-103
SURMOF, the A value can be well-described by the classical
Mott—Seitz model for a single nonradiative recombination
channel.*”"” When beyond 120 K, the uncontrollable Tb(III)
to Eu(III) energy transfer hindered the weak radiative emission
in the Tb(III) MIL-103. Therefore, the thermal response in
hetero-SURMOF with controlled energy transfer showed
better thermal sensitivity beyond the 120 K range. However,
when the green emission from Tb(III) MIL-103 is dominant in
radiative emission below 120 K (close to the Inflection point in
the S-shaped curve), the reducing energy transfer led to higher

radiative emission from Tb(III) MIL-103. Hence, the thermal
sensitivity of homo-SURMOF performed better when below
120 K. The thermal sensitivity profiles revealed that different
energy transfer efficiencies from Tb(III) to Eu(Ill) induce
distinguishing better sensing range (Figure 4d). The hetero-
SURMOF exhibited good sensing performance in the range of
120 K to room temperature. Combined with homo-SURMOF,
MIL-103 thin film can be used as an excellent optical
thermometer in the temperature regime from 77 K to room
temperature, which is one of the common working ranges of
cryogenics. The durability of the MIL-103 thin film was also
exhibited by the revisable thermometric parameter between 77
and 297 K in Figure S10 and the XRD pattern after the
thermal-response photoluminescence measurement in Figure
S11. The better performance of the hetero-SURMOF over the
homo-SURMOF can be directly visualized (see Figure S). The
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Figure §. Optical photographs of (a) heterolayer Euy,e/Gdyeyere/
Tbese,ae-BTB thin film, (b) heterolayer Euyq./Gdocyete/ Theseyde-
BTB thin film, (c) heterolayer Euyeyge/ Thgseyae-BTB thin film, (d)
heterolayer Eug, o/ Tbgoe,q-BTB thin film, (e) heterolayer Euyqc,./
Tbyocyce-BTB thin film, (f) Euse/Thgye-BTB mixed-layer thin film,
(g) Euyge/Tbggy-BTB mixed-layer thin film and (h) Eusge/Thsey
BTB mixed-layer thin film under 285 nm excitation in 77, 157, 247,
and 297 K.

performance is dependent on the photoluminescent nature of
the nanoscale-thickness MIL-103 thin film; hence, the sensing
speed is extremely fast compared with the changing speed of
environment temperature. The photoluminescence quantum
yields (PLQY) of homo- and hetero-MIL-103 thin films are
shown in Table S2. For all the five different heterolayer MIL-
103 MOFs, the emission color differences above 120 K are
very distinct and can be seen by the naked eye (green, orange,
red), in contrast to the mixed Eu(III)-and-Tb(II1I) MIL-103
thin film.

CONCLUSIONS

In summary, a series of luminescent, transparent, MIL-103
MOF thin films, or SURMOFs, based on Tb(III), Eu(III), and
Gd(III) ions were synthesized by employing an LbL epitaxy
method. The high transmittance of Ln(III)-SURMOFs can be
achieved by precisely controlling the thickness and roughness
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in the LbL approach. The hetero-SURMOFs consisting of
Tb(II)—Eu(III) MIL-103 bilayer and Tb(III)-Gd(III)—Eu-
(1II) MIL-103 trilayer outperformed the mixed-MOF thin film
as regards thermal sensitivity by about a factor of three in the
temperature regime above 120 K. This pronounced increase of
thermal sensitivity results from the heterolayer architecture, for
which the average Tb-Eu distance is strongly increased, leading
to a strong suppression of unwanted Tb(III)-Eu(III) energy
transfer. This design approach can be used to design
lanthanide-based luminescent thermometers with high effi-
ciency. In the future also other LbL-based architectures will be
used, e.g, for the fabrication of MOF-coated magnetic
nanoparticles®® suitable for temperature measurements in
microfluidic channels.

EXPERIMENTAL SECTION
Fabrication of Tb(Il)-MIL-103 Thin Film. Quartz glass

substrates were rinsed with ethanol and dried in a stream of N, gas.
Afterward, the quartz glass substrates were treated with oxygen plasma
for 1S min to remove the impurities and increase the number of
hydroxyl functional groups. Tb(III)-MIL-103 thin films were grown
on the treated quartz glass substrate by the LbL approach at 65 °C. At
first, the quartz glass was immersed in an ethanolic solution of
Tb(NO;); (5 X 107* M) for 15 min. Afterward, the quartz glass was
rinsed with pure ethanol twice and immersed into a 3 X 107* M
ethanolic solution of BTB linker for 15 min. Then, the quartz glass
was rinsed with pure ethanol again to remove the uncoordinated
linker on the surface. This LbL growth process was repeated from 2
cycles to 100 cycles according to the required thickness.

Fabrication of Eu(lll)-MIL-103 Thin Film. Similar to the
fabrication of Tb(III)-MIL-103 thin film. Eu(IIT)-MIL-103 thin film
was grown by the LbL approach with an ethanolic solution of
Eu(NO,); (5 X 107* M) and BTB linker (3 X 10™* M). The thickness
was controlled by the process cycles of the LbL approach.

Fabrication of Doping Eu/Tb-BTB Thin Films. Quartz glass
substrates were treated the same as the substrates used in Tb-BTB
thin films. Then, doping Eu/Tb-BTB thin films were grown on the
quartz glass substrate by the LbL approach at 65 °C as well. In the
beginning, the quartz glass was immersed in an ethanolic solution of
mixed Eu(NO;); and Tb(NO;); for 15 min. The total concentration
of the ethanolic solution is 5 X 10™* M and the ratio of Eu(NO;); and
Tb(NO;), depend on the requirement of the samples. Afterward, the
quartz glass was rinsed with pure ethanol twice and immersed in a 3 X
10™* M ethanolic solution of the BTB linker for 15 min. Then, the
quartz glass was rinsed with pure ethanol again to remove the
uncoordinated linker on the surface. This LbL growth process was
repeated from 2 cycles to 100 cycles according to the required
thickness.

Fabrication of heterolayer Eu/Tb-BTB thin film: Quartz glass
substrates were treated the same as the substrates used in Tb-BTB
thin films. Then, Tb-BTB thin films were grown on the treated quartz
glass substrate by the LbL approach at 65 °C at first. The quartz glass
was immersed in an ethanolic solution of Tb(NO;); (5 X 107 M) for
1S5 min. Afterward, the quartz glass was rinsed with pure ethanol twice
and immersed in a 3 X 10™* M ethanolic solution of BTB linker for 15
min. Then, the quartz glass was rinsed with pure ethanol again to
remove the uncoordinated linker on the surface. This LbL growth
process was repeated from 2 cycles to 100 cycles according to the
required thickness of Tb-SURMOFs. After the growth of Tb-BTB
thin film, the samples were immersed in an ethanolic solution of
Eu(NO;); (5 X 107* M) and the same fabricating process of Eu-BTB
thin film started immediately. The ratio of Eu(III) and Tb(III) was
controlled by the growth layers of each material in the LbL process.

Fabrication of heterolayer Eu/Gd/Tb-BTB thin film: Similar to the
fabrication of heterolayer Eu/Tb-BTB thin film, the samples were
immersed in an ethanolic solution of Gd(NO;); (5 X 10~ M) and
BTB linker (3 X 10™* M) for LbL growth between the growth of
Tb(III)-MIL-103 and Eu(III)-MIL-103.
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