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Rapid-response ratiometric sensors are promising tools to detect trace water and temperature. However,
achieving an accurately visualized water assay in a very narrow range is still a challenge. Herein, a novel
dual-functional ratiometric luminescent sensor, i.e., Eu,>Tbg7g-TCA, was successfully fabricated based
on lanthanide metal—organic frameworks. This sensor showed a very fast (less than 20 s) and relatively
ultrasensitive (limit of detection 0.016% v/v) response to trace water in ethanol, achieving the sensitive
visual determination of water in ethanol with multiple readouts. Intriguingly, visual and quantitative deter-
mination of water with a detection limit of 0.035% v/v was achieved based on the ratio of green (G) to red
(R) values combined with a smartphone color picker application (APP). The mechanism has also been pro-
posed based on experimental and theoretical evaluation. Furthermore, Eu,>Tbg7g-TCA could monitor
temperature in the range of 300 to 380 K with an excellent linear relationship, high accuracy and good
recyclability. This material could also be tuned to emit white luminescence and hence can be used as a
single-phase UV phosphor. The present work provides a novel Ln-MOF with powerful capabilities to
detect trace water and monitor temperature, which paves a way for the rational design and synthesis of
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1. Introduction

Water content and temperature are two very crucial factors
because even minor changes in water content or temperature
will definitely affect reaction efficiency and even threaten lab-
oratory safety not only in micro-reactions but also in industrial
production. As far as organic solvents are concerned, trace
water is treated as one of the most pervasive impurities, which
is difficult to solve in laboratory settings and in the chemical
industry.™* Therefore, it is quite necessary to develop simple,
reliable, and fast sensors for water detection in organic sol-
vents. Traditionally, Karl Fischer titration and gas chromato-
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graphy are broadly used for the detection of water content.
However, both these techniques have certain limitations, such
as the requirement of costly instruments, long detection time,
specialized personnel, and incompetency in the real-time and
in situ determination of water content.® To get around these
limitations, much attention has been paid to developing lumi-
nescent detectors for sensing water."”> Compared with tra-
ditional analytical methods, luminescent water sensors featur-
ing ease of fabrication, simple operation, high sensitivity, fast
response, and capability for in situ and non-invasive determi-
nation may serve as promising alternatives.*®” Recently, a few
fluorescent materials have been developed to determine water
content, such as organic fluorescent molecules,*® polymers,°
metal complexes,"" copper clusters,">"* carbon dots,'*"?
lanthanide hybrids,"®"” up-conversion nanoparticles,'®'® and
Ln-MOFs.>?*>> Most of these water sensors can be applied to
monitor water content in a relatively broad linear range (0%-x
% v/v, x > 0.7). However, developing an accurately visualized
water assay in the narrow linear range (0%-0.7% v/v) of water
content commonly found in analytical pure chemical reagents
still remains a challenge.

As for temperature monitoring, many new methods and
temperature sensors have been developed, such as liquid-filled
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glass thermometers, thermocouples and optical sensors.”®?’
Compared with conventional temperature sensors, lumine-
scence-based thermometers have attracted considerable atten-
tion due to their good accuracy, high spatial resolution and
fast response. Moreover, they are capable of working in fast-
moving objects, in biological fluids without contact and even
strong electromagnetic fields.”®*' Such temperature determi-
nation methods are mainly based on temperature-dependent
variation in the luminescence intensity and/or the lifetime of
one transition.’*** Some thermometers based on Ln-
MOFs,**?*?>  luminescent guest-encapsulated MOFs,**?”
lanthanide-doped phosphors,**° up-conversion
nanomaterials,’®*! and lanthanide-doped micro/nanocrys-
tals,”* have been reported. To achieve the simultaneous detec-
tion of both trace water and temperature, multifunctional
ratiometric fluorescent sensors with good stability, rapid
response, high sensitivity and low limit of detection should be
developed.

Most notably, Ln-MOFs have drawn great attention and are
emerging as prospective ratiometric sensors due to their high
color purity, sharp characteristic emission peaks, non-overlap-
ping spectra, and large Stokes shifts.>* Moreover, Ln-MOFs are
endowed with more than one emission center that originates
from the lanthanide ions or clusters and organic linkers
without additional materials.**** Thus, some ratiometric
sensors based on Ln-MOFs exhibit outstanding performance
in sensing trace water owing to their simple operation, fast
response, low detection limit, and even naked-eye
detection.>?°>>** Further, wide-range temperature sensing
and white-light emission can be achieved by adjusting the
composition of a family of mixed Ln-MOFs.***%*® To the best
of our knowledge, there are only a few reports on the highly
sensitive in situ and real-time detection of water content in
organic solvents accompanied by a rich and distinct change in
the emission color within a narrow linear range. Furthermore,
white-light-emitting mixed Ln-MOFs with the same compo-
sition ratio capable of sensing both water content and temp-
erature have never been explored. Thus, it is of high necessity
to further design and synthesize novel and multifunctional Ln-
MOF sensors with excellent performance and discover some
new sensing mechanisms.

Herein, a white-light-emitting mixed-lanthanide MOF
(Euy 2 Thbg; s-TCA) was developed and utilized as a dual-func-
tional ratiometric luminescent sensor for both trace water
monitoring in ethanol and wide-range temperature sensing in
the solid state. By comparing the performance in water detec-
tion and temperature measurement, Eu,,Tby; s TCA was
selected as the ideal material for subsequent research (Fig. S2-
S51). To construct Eu, ,Tby, " TCA, Tb*" and Eu®* were chosen
as the lanthanide luminescent centers owing to their long fluo-
rescent lifetime and good monochromaticity; 4,4',4"-nitrilotri-
benzoic acid (H;TCA) was used to sensitize the lanthanides
and probably form coordination bonds via the nitrogen atoms.
The synthetic route and design strategy are shown in
Scheme 1. In this MOF, the ligand and two lanthanides
formed multiple emitting centers, and all of them had
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different sensitivities toward water and temperature. On the
one hand, as the water content increased from 0% to 0.63%
v/v, the luminescence intensity of Eu, ,Tbgy; g-TCA increased at
544 nm and decreased at 614 nm, and their ratio (I544/s14)
versus water content showed a good relationship. The water-
induced ratiometric luminescence response made the sensor
exhibit a distinguishable color transition, which was favorable
for naked-eye detection. Thus, sensitive in situ and real-time
water sensing in ethanol could be implemented through mul-
tiple readouts involving emission color, ratiometric lumine-
scence intensity, Commission International d’Eclairage (CIE)
chromaticity diagram, and a smartphone-based color picking
system. Furthermore, this work demonstrated an infrequent
hydrogen-bond mechanism in Ln-MOFs for sensing water
content, which provides a new perspective for developing
water sensors based on Ln-MOFs. On the other hand,
Eu, ,Tbg; g-TCA could be used for wide-range temperature
determination. Based on its white-light emission at elevated
temperatures, it can also serve as a promising single-phase
phosphor material, thus providing a new option for fabricating
ultraviolet white-light-emitting diodes (WLED).

2. Experimental details
2.1. Synthesis of Eu/Gd-TCA

The synthetic route of the ligand, namely H3TCA, is given in
the ESL{ Eu-TCA and Gd-TCA were prepared according to a
method described in previous work.”” Eu(NOj;);-6H,0
(44.6 mg, 0.10 mmol) and H3TCA (41.5 mg, 0.11 mmol) were
added in DMF (3 mL) and ethanol (3 mL). The mixture was
heated at 100 °C for three days and a pale-yellow powder of Eu-
TCA was obtained. Similarly, Gd-TCA was synthesized as an off-
white powder by using Gd(NO;);-6H,0 as the lanthanide salt.

2.2. Synthesis of Eu, ;Tbg; g-TCA

To a mixture of Eu(NO;);-6H,O (1.3 mg, 0.003 mmol), Tb
(NO3);3:6H,O (43.9 mg, 0.097 mmol) and H;TCA (41.5 mg,
0.11 mmol) were added in DMF (3 mL) and ethanol (3 mL).
The mixture was heated at 100 °C for three days and the pale-
yellow powder of Eu, ,Tby; s-TCA was obtained.

2.3. Trace water detection in ethanol

Prior to PL spectroscopy, Eu, ,Tbe, s-TCA was soaked in fresh
dry ethanol for 24 h, and the solvent was wiped off under a
vacuum condition. The activated powder (3.0 mg) was added
to dried ethanol (10 mL), and this mixture was sonicated for
10 minutes to form a suspension. Then, the suspension (3 mL)
was transferred to a cuvette immediately. The original PL spec-
trum was collected prior to the addition of a certain amount of
water. Afterwards, a set amount of water was gradually added
to the suspension and whirled for 10 seconds, and then, PL
spectra were collected. The water concentration was accurately
controlled by using a microsyringe (5 pL). Additionally, the
determination method of the intensity ratio (Is4a/ls14) Was
based on the peak value.
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Scheme 1 Schematic illustration of the synthetic route and design strategy of Eu, »Tbg; g-TCA used for highly efficient water detection and temp-

erature sensing. DR: detection range; LOD: limit of detection.

2.4. Sensing of temperature in the solid state

The newly synthesized Eu, ,Tby;s-TCA powder was packaged
into the sample tank of Horiba Instruments FL-3. The temp-
erature-dependent luminescence spectra were measured upon
heating to a certain temperature and maintaining it for
10 minutes, respectively.

3. Results and discussion
3.1. Structure of Ln-TCA MOFs

Ln-TCA was prepared by the hydrothermal reaction of H;TCA
and the corresponding lanthanide salt (Scheme 1). The
powder X-ray diffraction (PXRD) patterns of the obtained Ln-
TCA are shown in Fig. 1a, and it was found that the newly syn-
thesized Ln-TCA matched well with the simulated one, imply-
ing the successful synthesis of MOFs."”” According to the
Fourier transform infrared (FTIR) spectra in Fig. S6,f the
characteristic peaks of C=0 and C=C in H3TCA had shifted
respectively from 1721 and 1684 cm™" to 1675 and 1633 cm™,
indicating the coordination of the ligand and the lanthanide
center. Besides, the absorption peaks of Ln-TCA displayed a
bathochromic shift in the range of 300-450 nm compared with
H,;TCA, confirming efficient coordination (Fig. 1b). The molar
ratio of Eu** to Tb®" in the bimetallic lanthanide MOF was
determined to be 2.2:97.8 by inductively coupled plasma
atomic emission spectroscopy (ICPs) and was further con-
firmed by Energy Dispersive X-ray (EDX) spectroscopy (Fig. S7
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Fig. 1 (a) The PXRD patterns of Tb-TCA-simulated, Tb-TCA, Eu-TCA,
Eu, »Tbg78-TCA and Gd-TCA. (b) UV-vis absorption spectra of H3TCA,
Tb-TCA, Eu-TCA, and Eu,,>Tbg7g-TCA. (c) and (d) Confocal laser scan-
ning microscopy images of Eu,,Tbg;g-TCA, under the same excitation;
the fluorescence emitted in the different luminescence channels were
collected to visualize the fluorescent colors of the multiple emission
centers and their merger. Green for Tb**, red for Eu**, blue for ligand
and pale yellow for merger. All scale bars: 200 pm.
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and Table S1f). Furthermore, a lumpy morphology was
observed for Eu,,Tby;g-TCA from the scanning electron
microscopic (SEM) images (Fig. S8t). Meanwhile, the scanning
transmission electron microscopic (STEM) images and energy
dispersive spectroscopy (EDS) elemental mapping images of
Eu, ,Tby, ¢-TCA demonstrated that Eu®*" and Tb*' were uni-
formly distributed in each particle (Fig. S9t).

3.2. Stability of Eu, ,Tby; g-TCA

The thermogravimetric analysis (TGA) demonstrated that
Eu, ,Thy; s-TCA was thermodynamically stable when the temp-
erature was elevated until about 210 °C, while the crystalline
framework started to decompose at higher temperatures
(Fig. S107t). After immersing Eu, ,Tbg, ¢-TCA in dried ethanol
for 12 h and the experiment of water detection, the PXRD pat-
terns had no change, revealing that this material was stable in
dried ethanol and the process of water determination
(Fig. S117). Upon raising the temperature to 380 K and then
cooling to 300 K, the structure of Eu,,Tbo; s-TCA was intact
(Fig. S12%). These results suggested that Eu, ,Tbg; ¢-TCA might
have the potential to be utilized as a luminescent sensor.

3.3. Photoluminescence properties

The excitation spectra of Eu-TCA and Tb-TCA, as control
samples, were measured both in the solid state and the dis-
persion of ethanol, and the maximum excitation wavelengths
were 350 and 365 nm, respectively (Fig. S131). As depicted in
Fig. S14, the solid luminescence spectra of H;TCA, Eu-TCA,
Tb-TCA and Eu,,Tby; s-TCA were collected at room tempera-
ture. Upon excitation at 350 nm, free H;TCA showed a strong
emission at 435 nm, Eu-TCA showed characteristic transitions
(°Do—"F, J = 1-4) of Eu** at 591, 616, 651 and 698 nm, and Tb-
TCA also exhibited characteristic transitions (°D,~"F,, J = 6-3)
of Tb®" at 488, 544, 583 and 620 nm. The luminescence beha-
viors of Tb-TCA and Eu-TCA indicated that Tb*" and Eu*"
could be sensitized by H;TCA based on the antenna effect. As
expected, the characteristic transitions of Eu’* and Tb*
existed in the emission spectrum of Eu, ,Thg; g-TCA. As shown
in the CIE chromaticity diagram (Fig. S151), the fluorescent
color coordinates of all the luminescent materials mentioned
above were present. Moreover, in the confocal laser scanning
microscopic (CLSM) images, multiple emission centers
formed by the lanthanide ions and the organic ligand dis-
played their corresponding fluorescent colors, and Eu, ,Tby; g-
TCA comprehensively emitted yellow fluorescence (Fig. 1c and
d), testifying that the red emission of Eu®*" was dominant in
Eu, ,Tby, &-TCA.

3.4. Detection of trace water in ethanol

Upon excitation at 365 nm, the suspensions of Eu-TCA and Tb-
TCA exhibited their characteristic transitions, respectively.
With increasing water content, the luminescence intensity of
Tb*" in Tb-TCA enhanced gradually, whereas the luminescence
intensity of Eu®* in Eu-TCA decreased (Fig. 2a and b,
Fig. S167). This suggested that H;TCA had higher energy tran-
sition efficiency (E) toward Tb*>* than Eu®* with the addition of
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water. Then, Eu,,Tbg;s-TCA was prepared as a ratiometric
sensor to quantify the water content. Eu, ,Tbg; ¢-TCA showed
the characteristic sharp peaks of Tb** and Eu®* with different
volumes of water ranging from 0.0% to 0.9% (Fig. 2c) upon
excitation with the light at 365 nm. Similar to the fluorescence
behaviors of Tb-TCA and Eu-TCA, the luminescence intensity
of Eu,,Tby; - TCA enhanced at 544 nm and decreased at
614 nm (Fig. 2d). When in contact with trace water, the lumi-
nescent colors changed rapidly in a few seconds owing to the
hydrophilic cavity of Eu, ,Tbg, g-TCA.>*

The color of Eu,,Tbg;s-TCA in suspension gradually
changed from white to yellowish green and green, which could
be visualized under illumination by UV-light at 365 nm after
titration with trace water and was also confirmed by the corres-
ponding CIE coordinates (Fig. 2e). Therefore, the good corre-
lation between the standard CIE coordinates inspired us to
develop a new read-in and read-out method to precisely quan-
tify the water content (Table S2). Additionally, the ratio of
emission intensities (I544/Is14) 544 nm and 614 nm wave-
lengths exhibited an excellent S-shape response towards water
content in the range of 0%-0.9% v/v (Fig. 2f), showing a good
piecewise linear relationship and fitting well with the
equations (Fig. 2g and h). Eu, ,Thy; g"TCA proved to be a sensi-
tive detector of trace water in ethanol with a very low LOD of
0.016% v/v according to the 3§/slope, which could be ascribed
to preconcentration of water molecules within the channels of
the MOFs. As shown in Table S3,f compared with other
reported water sensors composed of MOFs, Eu,,Tby; g-TCA
possessed a relatively low LOD, and the detection was limited
to a very narrow range. The previously reported sensors for
trace water with LODs below 0.016% v/v did not have such a
narrow detection range. Significantly, the rich and distinguish-
able color transition within such a narrow range was beneficial
to the visual analysis of trace water in ethanol. Besides, no
obvious change in the emission intensity ratio (I544/Is14) Was
observed after three alternative cycles where Eu, ,Tbg; g-"TCA
was dispersed in ethanol and ethanol containing 0.63% v/v
water, confirming the good reversibility of this self-calibrated
luminescent sensor (Fig. 2i).

3.5. The water detection mechanism of Eu, ,Tby, g-TCA

To explore the possible mechanism of water detection, certain
favorable factors were investigated. Firstly, the luminescent
lifetimes of the lanthanide ions were investigated at different
water contents (Fig. S177). Eu, ,Tby; s-TCA exhibited a shorter
°D, (Tb**) lifetime than Tb-TCA but longer °D, (Eu®") lifetime
than Eu-TCA at the same water content (Fig. S181) due to the
intermetallic energy transition from Tb** to Eu®*". Then, the
lifetimes of Tb*" (°D,) in Tb-TCA, Eu*" (°D,) in Eu-TCA, and
those in Eu,,Tby; ¢-TCA at different amounts of D,O (0%-
0.9% v/v) were measured (Fig. S197). We found that they dis-
played similar lifetime variation tendency but longer lifetimes
in the D,O system than in the H,O system (Fig. S207); this is
because the O-D oscillators are less effective at vibronic
quenching than the corresponding O-H oscillators.*® Thus, it
could be preliminarily concluded that the lifetime variations

Inorg. Chem. Front., 2022, 9, 1406-1415 | 1409
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Fig. 2 The fluorescence spectra of (a) Eu-TCA and (b) Tb-TCA recorded at different water contents in ethanol. (c) Color-coded contour map
showing the fluorescence spectra of Eu, ,Tbg; g-TCA at different water contents. (d) The 5D4 - 7F5 and 5Do — 7F2 transitions of Eu,,Tbg7g-TCA at
different water contents. (e) CIE chromaticity diagram showing the fluorescent color coordinates and optical photos showing the color variation of

the Eu,,Tbg7g-TCA ethanol dispersions (0.3 mg mL™Y) in the range of

0%-0.9% v/v water. (f) Normalized fluorescence intensity ratio (/s44/l614)

versus water content. (g) and (h) Normalized fluorescence intensity ratio (/s44/l614) versus water content calibration curves in different ranges. (i)
Reversible changes in the relative emission intensities /544//514 Of Eu, 2Tbg7 g-TCA during cycles of alternate immersion in dried ethanol and ethanol

containing 0.63% v/v water.

in Eu, ,Thg, s-TCA might be caused by the interaction between
the MOF and water molecules.

It is noteworthy that the coordination number of the
lanthanide ions was eight or nine; thus we speculated that
they would further coordinate with the adscititious water mole-
cules. To verify this hypothesis, the number of water molecules
in the first coordination sphere of Eu*" in Eu-TCA and Tb** in
Tb-TCA, and those in Eu, ,Tby; s-TCA were estimated, respect-
ively, by using the following equation (Fig. $217),*®

g=12(tyg ' —7p ' —0.25),

where g represents the number of coordinated water mole-
cules, and 7y and 7, are the luminescent lifetimes measured
in H,O and D,0, respectively. In Table S4,7 the calculated
values of g for different materials are listed in detail. As a con-
sequence, some water molecules had to be removed to match
the energy transfer process in the lanthanide ions, whereas the
number of coordinated water molecules did not decrease with

1410 | /norg. Chem. Front., 2022, 9,1406-1415

the addition of water. Additionally, the organic solvents
accommodated in the cavities were gradually replaced by water
molecules owing to their smaller size and low steric hindrance,
leading to an environment surrounded by water for the H;TCA
linkers. Therefore, we speculated that the variations in the
emission spectra of Eu, ,The; s-TCA were the result of the inter-
action between the adscititious water molecules and the
linkers of MOFs instead of the lanthanide ions.

Furthermore, the phosphorescence spectra of Gd-TCA dis-
persed in dried ethanol and ethanol containing 0.63% v/v
water were investigated. The triplet energy level (T;) of H;TCA
was obtained at 21053 cm™' (475 nm) and 21598 cm™'
(463 nm) (Fig. S227). The results indicated that the emission
band of Gd-TCA dispersed in ethanol containing 0.63% v/v
water had a hypochromatic shift with a difference of 12 nm,
and it could also be illustrated by the UV-vis absorption
spectra of Gd-TCA in different cases (Fig. S231). These
phenomena suggested that the adscititious water molecules
could enhance the T; energy of the ligand. Further, on the

This journal is © the Partner Organisations 2022
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basis of Latva’s rule, the energy difference (AE) in the most
suitable energy transfer process from the ligand to the metal
must be 2500-4000 cm™" for Eu** (°D,) and 2500-4500 cm™*
for Tb*" (°D,).>> The emission of the strongest transitions of
Eu*" (°Dy — 7F,) and Tb*" (°D, — 'Fs) were at 17300 and
20500 cm™', respectively. Thus, the AE between the T; of
H;TCA and Ln’" were respectively 3753 and 553 cm™" for Eu®*
and Tb*" in dried ethanol, while they were 4298 and
1098 cm™" in ethanol containing 0.63% v/v water. Additionally,
the luminescence quantum yields of Eu-TCA and Tb-TCA were
also measured in dried ethanol and ethanol containing 0.63%
v/v water, respectively. As shown in Fig. S24, the quantum
yield of Eu-TCA decreased from 0.3% to 0.28%, whereas that of
Tb-TCA increased from 4.51% to 21.7%. These results clearly
suggested that the intramolecular energy transfer process from
H,;TCA to Tb** (°D,) was more efficient than that to Eu** (°D,)
with the addition of water.

Besides, quantum chemical calculations were used to
further explore the fluorescence mechanism of Eu,,Tbg;s-TCA
for water sensing. The frontier orbital maps of H;TCA bonded
and not bonded to water were plotted, and the Lowest
Unoccupied Molecular Orbital (LUMO) and Highest Occupied
Molecular Orbital (HOMO) were calculated (Fig. S25t). The
energy gap between the LUMO and HOMO of H;TCA not bonded
to water was 3.9752 eV, whereas that of H;TCA bonded to water
was 4.15096 eV. An energy difference of 0.176 eV (13 nm) was
observed, which is close to the aforementioned experimental
value, indicating that the adscititious water molecules could
enhance the T; energy of the ligand via coordination bonds,
further increasing the energy transfer from H;TCA to Tb** and
boosting the fluorescence intensity of Tb*".

Based on the above discussions, we affirmed that this
unusual phenomenon may have originated from the hydrogen
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bonds formed by the water molecules and the nitrogen atoms
of the ligand, which enhance the T, energy of the ligand in the
Eu, ,Thy; ¢-TCA suspension. The energy transition efficiency (E)
from T; of the ligand to Tb®* (°D,) enhanced but that to
Eu’®” (°D,) decreased.

3.6. Visual quantification of trace water

Nowadays, the real-time and rapid detection of trace water is
still immature owing to certain limitations of the instruments
and the complicated operational procedures. However, it is
critical to conduct real-time and on-site inspection of water
content. To establish the potential of this sensor in practical
application, a smartphone-based color picking system was
directly used for water detection in this study. After adding the
probes into centrifugal tubes, the equipment could be used to
carry out the visual detection of water. Fig. 3a illustrates the
information scanning process of Eu,,Tbg;s-TCA under UV
light. The photographs acquired under the illumination of a
portable UV lamp (365 nm) could be processed in the RGB
color space with a smartphone app (Color Picker). Notably, the
material in the centrifuge tubes exhibited a distinct change in
emission color from light red to yellowish-green and green
upon increasing the water content. There was a good piecewise
linear relationship between the G/R values corresponding to
the color signals and the water content (0%-0.67% v/v), with a
detection limit of 0.035% v/v (Fig. 3b). Meanwhile, they also
fitted well with the equations. More importantly, the ratio of
G/R values versus water content exhibited an excellent S-shape
response when the water content was in the range of 0%-0.9%
v/v, and the variation tendency was consistent with the result
obtained in suspension, as mentioned above. Furthermore, by
using probe-loaded centrifugal tubes and a smartphone plat-
form, we realized visual quantification of water content. These
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Fig. 3 (a) Photographs of the information scanning process from the Eu, >,Tbg7 g-TCA suspensions using the APP. (b) G/R value versus water content

curve and the calibration curves in different ranges.
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results verified that the smart color recognition system can be
used for on-site and real-time determination of water content.

3.7. Sensing of temperature

Besides the precise detection of trace water, Eu, ,Tby; g-TCA
also exhibited good performance in temperature monitoring,
achieving dual-sensing toward trace water and temperature
using two states of a single material and relieving the heavy
process of sample preparation. Upon increasing the tempera-
ture, the luminescence intensity of both Tb®" and Eu’*
reduced progressively, and the intensity of Th*>" declined more
slowly than that of Eu®* (Fig. 4a and b, Fig. S267). It has been
observed that single-color fluorescence detection does not
afford very accurate measurements due to poor linear relation-
ships and environmental influence.** Thus, a ratiometric fluo-
rescent sensor was urgently needed. To tentatively evaluate the
sensing performance of Eu,,Tbg;s-TCA as a self-calibrated
luminescent  thermometer, the temperature-dependent
luminescence performance was investigated by raising the
temperature from 300 to 380 K (Fig. 4c). As shown in Fig. 4d,
the emission intensity of both Tb** and Eu®* gradually
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decreased, and the ratio of the luminescence intensities (I544/
Is16) versus temperature showed an excellent linear relation-
ship, which fitted well with the equation (Fig. 4e). The CIE
coordinates of the fluorescence spectra of Eu,,Tbg;g-TCA
dependent on temperature indicated that the calculated
chromaticity gradually move from yellow to white (Fig. S277). It
was also found that the temperature correlated with the color
coordinates in the standard CIE chromaticity diagram. Thus,
the rich color coordinates could be used to precisely determine
the temperature ranging from 300 to 380 K, as displayed in
Table S5.1 In addition, the performance of a thermometer can
be measured by the relative sensitivity (S,).>* As for Eu, ,Tbey g
TCA, the maximum S, was determined to be 3.01%/K at 300 K
according to the following equation (Fig. 4f), which is superior
to those of some other thermometers.>®*%>°

¢ 1 DA
tTA\oT

where A represents the fluorescence intensity ratio of the two
transitions (I544/ls16).- Herein, cycling experiments were also
conducted by alternating between 300 and 380 K, which

a Eu-TCA[ 20E+06~
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Fig. 4 The luminescence spectra of (a) Eu-TCA and (b) Tb-TCA recorded from 300 to 380 K (excited at 350 nm). (c) Color-coded contour map
showing the luminescence spectra of Eu, ;Tbg7g-TCA from 300 to 380 K. (d) Temperature-dependent intensity of the 5D,y = ’Fs and °Dg — “F, tran-
sitions in Eu,»Tbg;5-TCA. (€) Luminescence intensity ratio of Tb®* (544 nm) to Eu®* (616 nm) and the fitting curve for Eu,»Tbg;5-TCA at different
temperatures. (f) Relative sensitivity of Eu, 2Tbg7g-TCA in the range of 300 to 380 K. (g) Reversible changes in the relative emission intensities /s44/
lg16 Of Eu 2Thg7 g-TCA under alternating cycles at 300 K and 380 K. The luminescent sheet on a four-bead 310 nm LED in the off (h) and on (i) state.
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showed a stable ratio after three cycles (Fig. 4g). Thus,
Eu, ,Thy; s-TCA was a good self-calibrating temperature sensor
with a good linear relationship, high accuracy and recyclability
in a wide temperature range. Theoretically, the E from Tb*" to
Eu’®” was calculated using the following equation,>

E = (7171 — 1071)/1171

where 7; and 7, are luminescent lifetimes of the D, — “Fs
transition from the Tb*" (544 nm) of Eu,,Tby; " TCA and Tb-
TCA, respectively (Fig. S28f). Moreover, the values of E
enhanced upon elevating the temperature from 300 to 370 K,
while it decreased in the range of 370-380 K (Fig. S29at). This
phenomenon might be attributed to the phonon-assisted
Forster transfer mechanism.’® Furthermore, surface-mounted
device (SMD) LED lamps were assembled by a mixture of the
Eu, ,Tby; ¢-TCA phosphor and transparent silicone on a four-
beads 310 nm LED and had good-quality white-light emission.
Raising the temperature also had not much influence on the
white-light emission (Fig. 4h and 1i). Thus, the as-prepared
Eu, ,Tby; ¢-TCA can be considered a promising white-light
phosphor for fabricating illuminated devices.

3.8. Mechanism of temperature sensing

The luminescence intensity of both Eu** and Tb*" in
Eu, ,Tby; s-TCA were quenched at elevated temperatures
because of the thermal activation of nonradiative decay path-
ways. To explore this, the lifetimes of the D, — “Fj transition
of Tb*" in Tb-TCA. the D, — ’F, transition of Eu*" in Eu-TCA
and those in Eu,,Tby;¢-TCA were measured at temperatures
from 300 to 380 K (Fig. S281). The lifetime of Tb*" (°D,) in
Eu, ,Tby; s-TCA was shorter than that in Tb-TCA but longer
than that of Eu®" (°D,) in Eu-TCA at the same temperature
(Fig. S29b¥). This phenomenon indicated that energy transfer
from Tb** to Eu®" occurred. On the basis of Reinhoudt’s
empirical rule,® the intersystem crossing (ISC) process may be
effective when AE between the singlet excited-state (S;) and T
of the ligand is higher than 5000 cm™'. The S; energy of
H;TCA was 28985 cm ™, as obtained from the UV-vis absorp-
tion maximum. The T; energy of H;TCA was determined from
the solid phosphorescence spectrum of Gd-TCA at 77 K
(Fig. S301) and was calculated to be 20964 cm™" (477 nm).
Thus, the energy gap AE was determined to be 8021 cm ™,
demonstrating that the ISC process was very efficient.
Furthermore, AE between the T, of H;TCA and Ln*" were
3664 cm™" (for Eu’") and 464 cm™" (for Tb*"), suggesting that
the energy transition from H;TCA to Eu®* of Eu,,Thg, g-"TCA
was more effective.

4. Conclusions

In summary, the bimetallic Ln-MOF, i.e., Eu, ,Tby; s-TCA, with
three visible emissions originating from the two lanthanides
and the H3TCA ligand, was successfully prepared. Benefiting
from the two metallic emissive centres, Eu, ,Tby; s-TCA pos-
sessed dual-fluorescence emission under single excitation at
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350 nm. Thus, it could act as an efficient ratiometric fluo-
rescent probe for fast real-time (less than 20 s), high-sensitivity
(limit of detection 0.016% v/v) and multi-readout detection of
water content in the narrow range of 0%-0.63% v/v, as well as
an excellent ratiometric fluorescent sensor for temperature
determination from 300 to 380 K with high accuracy (3.01%/K
at 300 K) and good recyclability. In addition, white-light emis-
sion from Eu, ,Thy; ¢s-TCA was also achieved by adjusting the
water content in ethanol. The mechanism revealed hydrogen
bonds between H,O and the nitrogen atoms of the ligands in
Eu, ,Tby, g-TCA, which caused sensitive fluorescence changes.
Delightfully, by using a smartphone platform, we simply rea-
lized visual quantification of water content in a narrow range
with a relatively low LOD. Besides, Eu, ,Tbe; g-TCA can also be
a promising white-light phosphor for illumination devices
with reasonable tuning of temperature. This study paves a new
avenue to constructing ratiometric fluorescent sensors with
multi-sensing and precise performance for environmental
monitoring.
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