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ABSTRACT: A ratiometric thermometer based on a mixed-metal Ln
framework is reported that has good sensitivity in a wide temperature range from 4 to 290
K and a quantum yield of 22% at room temperature. The sensing mechanism in the
europium-doped compound TbggsEugesHL (H,L = S-hydroxy-1,2,4-benzenetricarboxylic
acid) is based not only on phonon-assisted energy transfer from Tb'"" to Eu'™ centers, but
also on phonon-assisted energy migration between neighboring Tb™ ions. It shows good
performance in a wide temperature range, especially in the range 4—50 K, reaching a

sensitivity up to 31% K™ at 4 K.

{u metal—organic

B INTRODUCTION

In recent years, lanthanoid metal—organic frameworks (Ln-
MOFs) have emerged as very promising multifunctional
materials because of the attractive topology structures and
their unique luminescence properties, such as the well-defined
line emissions, high quantum vyields, and long emission
lifetimes." A variety of Ln-MOFs has been studied for, e.g,
sensing of small organic molecules, temperature sensing, gas
storage and separation, proton conduction, and heterogeneous
catalysis.” >

Temperature is the most important physical property in both
science and industry.” Temperature-dependent emission of
lanthanoid ions is a key feature for developing new temperature
sensors, as changes in temperature can be reflected by the
changes of luminescence intensity and lifetime.” The
luminescent lanthanoid thermometer shows the advantages of
fast response, high sensitivity, noninvasive operation, and
inertness to strong electric or magnetic fields.”~” Compared to
lifetime measurements, emission intensity measurements are
more straightforward and readily carried out. Most of the
emissive temperature sensors are based on only one type of
lanthanoid ion. However, their accuracy is easily influenced by
the light source intensity, excitation power, and the drifts of the
optoelectronic system.” It is possible to avoid these drawbacks
by referring the temperature to the intensity ratios of selected
emission peaks rather than to individual peaks.” Two methods
have been reported on the basis of luminescence transitions of
Eu™ and Tb™ coordination compounds, or EM/YD™ nano-
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particles.'” The main advantage is that a single emission
spectrum contains all the information needed to compute the
absolute temperature.’

With the development of aerospace, superconducting
magnets, and nuclear fusion power research, the availability of
thermometers for cryogenic temperatures has become more
important.n’12 Recently, several ratiometric thermometers
based on lanthanoid metal—organic frameworks (MOFs)
have been reported containing a mixture of lanthanide ions,
mainly Eu™ and Tb™.%”"*~>* However, the lack of sensitivity at
cryogenic temperatures limits their application. Extending the
sensing temperature range to below 50 K is of great value for
both cryogenic research and industrial applications, e.g., energy
and space exploration. The electronic probes currently used
have well-known drawbacks due to contact measurements.”’

Herein, we report a new metal—organic framework LnHL
(H,L = 5-hydroxy-1,2,4-benzenetricarboxylic acid) containing
high concentrations of Ln™ ions within 1-D zigzag chains.
Notably, on the basis of a mechanism combining both phonon-
assisted energy migration and phonon-assisted energy transfer,
TbygsEugosHL can be used as a ratiometric thermometer even
down to 4 K and has remarkable temperature sensitivity up to
31% K" at 4 K. It is the first time that phonon-assisted energy
migration between Ln ions forms the basis of the mechanism of
a cryogenic MOF thermometer.
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B EXPERIMENTAL SECTION

Materials and Methods. Solvent and reagents were commercially
available and used without further purification. NMR spectra were
recorded on a Bruker DPX-300 spectrometer. Elemental analysis for C
and H was performed on a Perkin-Elmer 2400 series II analyzer. Mass
spectra were recorded using a Finnigan Aqua mass spectrometer (MS)
with electrospray ionization (ESI). IR spectra were recorded with a
Perkin-Elmer Paragon 1000 FTIR spectrophotometer equipped with a
Golden Gate ATR device. The excitation and emission spectra were
measured on a Shimadzu RF-5301PC spectrofluoriphotometer. X-ray
powder diffraction patterns were obtained on a Philips PW 1050
diffractometer using Cu Ka radiation (4 = 1.542 A). Inductively
coupled plasma (ICP) emission spectroscopy was performed on a
VISTA-MPX Simultaneous TCP-OES with Varian SPS 3 sample
preparation system. Thermogravimetric analyses (TGA) spectra were
recorded on a NETZSCH STA 499 instrument under argon
atmosphere with heating rate of 3 K per minute. Luminescence
lifetime was determined using an Edinburg Instruments FLS920
spectrophotometer, with an OPOTEK Opolette 355 HR pulsed laser
as the excitation source. Temperature-dependent emission spectra
were recorded using an Oxford Instruments liquid helium flow
cryostat for the temperature range from 4.2 to 290 K; Hamamatsu
R928 PMT is used as a detector. Photoluminescence quantum yields
at room temperature were determined using the absolute method.*®
An integrating sphere (Avantes AvaSphere 30REFL) was connected to
an irradiance-calibrated CCD spectrometer (Avantes AvaSpec-
2048UA). A 1000 W xenon lamp (LOT) and a Spex monochromator
were used as the excitation source.

Synthesis of 5-Hydroxy-1,2,4-benzenetricarboxylic Acid
(H,L). The ligand was synthesized using a procedure that was slightly
modified from that of the literature.””?® Details for 2,4,5-
trimethylbenzenesulfonic acid (1) follow. With stirring, concentrated
sulfuric acid (40 mL, 736 mmol) was added to 1,2,4-trimethylbenzene
(20 mL, 146 mmol). After stirring for 30 min, 60 g of ice was added,
resulting in the immediate formation of white solid. The product was
collected by filtration, and recrystallized from 200 mL of 20%
hydrochloric acid to give a light blue crystalline solid. Yield: 21.5 g
(74%). "TH NMR (300 MHz, D,0): § = 7.58 (s, 1H), 7.11 (s, 1H),
247 (s, 1H), 2.21 ppm (s, 2H). 3C NMR (300 MHz, D,0): § =
1402, 137.6, 1339, 1332, 132.8, 132.7, 127.3, 18.7, 18.2, 18.0 ppm. IR
(v): 2976 (br), 1691 (br), 1148 (s), 1048 (s), 973 (s), 655(m), 559
(m), 491 (m) cm™. Mp: 109 °C. ESI-MS found (calcd): 199.1
(199.1) [M — H]".

Details for S-sulfo-benzene-1,2,4-tricarboxylic acid (2) follow. Solid
potassium permanganate (47 g, 159 mmol) was added slowly to a
stirred solution of 1 (10 g, SO mmol) and NaOH (4 g, 100 mmol) in
250 mL of H,O at 90 °C. The solution was refluxed for 1 day. Then,
ethanol (10 mL) was added carefully to discolour the reaction
solution. Solid MnO, was removed by filtration and was washed with
hot water (2 X 100 mL). The filtrate was evaporated in vacuo. The
residue was taken up in 40 mL of H,O, and concentrated hydrochloric
acid was added to pH = 1, resulting in the formation of white solid.
After stirring for an additional 20 min, the white solid was collected by
filtration and dried in vacuo. Yield: 11.9 g (82%). "H NMR (300 MHz,
D,0): 6 = 8.14 (s, 1H), 7.73 ppm (s, 1H). *C NMR (300 MHz,
D,0): & = 172.2, 171.9, 171.1, 141.0, 136.5, 135.7, 133.8, 127.9, 127.7
ppm. IR (v): 3473 (br), 1710 (w), 1450 (m), 1383 (m), 1277 (m),
1241 (m), 1204 (vs), 1039 (vs), 767 (s), 634 (s), 589 (s) cm™. ESI-
MS found (calcd): 289.0 (289.0) [M — H] ™, 144.1 (144.0) [1/2(M —
2H)]~.

Details for S-hydroxy-1,2,4-benzenetricarboxylic acid (H,L) follow.
Compound 2 (11 g, 38 mmol) and KOH (39 g, 695 mmol) were
mixed together with 7 mL of water in a 50 mL Teflon vessel. The
vessel without cap was put in an oven set at 200 °C for 7 h. Then, the
mixture was added to 200 mL of water, and concentrated hydrochloric
acid was added to pH = 1. The reaction mixture was heated to boiling
for 30 min, and then put in the refrigerator. The white solid formed
was collected by filtration and dried in vacuo. Yield: 6.7 g (78%). 'H
NMR (300 MHz, D,0): § = 843 (s, 1H), 7.05 ppm (s, 1H). *C

NMR (300 MHz, CD,0OD): 6 = 171.0, 170.3, 167.2, 164.4, 142.1,
133.0, 120.2, 116.5, 113.4 ppm. IR (v): 3384 (br), 1694 (s), 1579 (m),
1327 (m), 1220 (s), 1137 (m), 859 (m), 757 (s), 635 (s) cm™". Mp:
237 °C. ESI-MS found (caled): 225.0 (225.0) [M — H]-, 451.0
(451.0) 2M — H]".

Hydrothermal Synthesis of the Lanthanoid Compounds. A
mixture of H,L (67.84 mg, 0.3 mmol), LnCl;-6H,0 (0.1 mmol, Ln =
Tb, Eu), S mL of water, and S mL of ethanol was brought into a 25 mL
Teflon lined stainless steel vessel; the vessel was closed, and a number
of reaction vessels together were placed in a big pan containing 15 kg
of sand. The reaction vessels were heated for 1 day in an oven set at
120 °C. The oven was slowly cooled down to room temperature at a
rate of 2.5 °C/h. Colorless crystals were collected on a glass frit and
washed with water and ethanol. Yield: 12 mg (23%) for TbHL and 13
mg (25%) for EuHL based on LnCly-6H,0.

TbHL analyzed as {[Tb,(HL),(H,0),]-5.5H,0},. Anal. Found
(Caled) for CigH,30,,5Th,: C, 23.54 (23.57); H, 2.61 (2.53). Selected
IR data (v): 3175 (br), 1546 (s), 1387 (vs), 1264 (s), 884 (m), 805
(m), 656 (s), 566 (s), 475 (m) cm™".

EuHL analyzed as {[Eu,(HL),(H,0);]-5.5H,0},. Anal. Found
(Calcd) for CgH,3Eu,0,,5: C, 23.73 (23.93); H, 2.45 (2.57). Selected
IR data (v): 3180 (br), 1544 (s), 1387 (vs), 1263 (s), 881 (m), 803
(m), 656 (s), 564 (s), 471 (m) cm™.

The synthesis of mixed-lanthanoid compounds was carried out
following the procedure described above, but mixtures of TbCl;-6H,0,
EuCl;-6H,0, and GdCl;-6H,0 were used instead of pure Ln salts.
Yields: 13 mg (28%) for GdgesTboosHL; 12 mg (26%) for
GdgsEugsHL; 12 mg (26%) for TbygsEugosHL; 12 mg (26%) for
TbysEuy,HL; 10 mg (22%) for Tbo¢Eu,,HL; 11 mg (24%) for
TbEug¢HL; 12 mg (27%) for Tby,EussHL based on Ln salts.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis for Tb, Eu, and Gd (Table S3), and elemental analyses for C
and H were used to determine the chemical composition of the
compounds.

GdyosThoosHL analyzed as {[Gd, g5Tbg1,(HL),(H,0)5]-SH,0},.
Anal. Found (Calcd) for C,gH,,Gd; 4405, Thy;: C, 23.85 (23.93); H,
2.18 (2.45). Selected IR data (v, cm™): 3185 (br), 1547 (s), 1390
(vs), 1265 (s), 883 (m), 805 (m), 656 (s), 566 (s), 475 (m).

GdgoEug s Ty osHL analyzed as {[Gd, sEugosTbo 1,(HL),(H,0)5]:
SH,0},. Anal. Found (Calcd) for CigH,,Eug03Gd;0,,Thy1y: C,
23.96 (23.88); H, 2.18 (2.45). Selected IR data (v): 3185 (br), 1548
(s), 1391 (vs), 1265 (s), 884 (m), 803 (m), 657 (s), 566 (s), 475 (m)
cm™L
GdygsEugosHL analyzed as {[Gd, g,Euq,5(HL),(H,0);]-SH,0},.
Anal. Found (Calcd) for C;gH,,Eug,5Gd,; 5,04,: C, 23.73 (23.92); H,
227 (2.45). Selected IR data (v, cm™): 3185 (br), 1547 (s), 1390
(vs), 1263 (s), 883 (m), 803 (m), 657 (s), 566 (s), 478 (m).

TbyesEugosHL analyzed as {[Tb, ¢;Euq,5(HL),(H,0),]-5.5H,0},.
Anal. Found (Calcd) for C;gH,3Eug,30,,sTb; ¢7: C, 23.58 (23.59); H,
2.34 (2.53). Selected IR data (v, cm™): 3187 (br), 1548 (s), 1391
(vs), 1262 (s), 885 (m), 805 (m), 657 (s), 567 (s), 475 (m).

TbosEug,HL analyzed as {[Tb, ssEug,s(HL),(H,0);]-SH,0},.
Anal. Found (Calcd) for CigH,,Eug,50,,Th;ss: C, 23.83 (23.89);
H, 2.25 (2.45). Selected IR data (v, cm™): 3183 (br), 1546 (s), 1388
(vs), 1264 (s), 884 (m), 804 (m), 657 (s), 565 (s), 479 (m).

TboBug,HL analyzed as {[Tb;Euqg (HL),(H,0);]-5.5H,0},.
Anal. Found (Calcd) for C;gH,3Eug4,0,,sTb, o0: C, 23.93 (23.73); H,
2.36 (2.55). Selected IR data (v, cm™): 3173 (br), 1545 (s), 1388
(vs), 1264 (s), 883 (m), 804 (m), 656 (s), 565 (s), 474 (m).

Tby4Eug¢HL analyzed as {[Tby,Eu, ,5(HL),(H,0),]-5.5H,0},.
Anal. Found (Calcd) for C;gH,3Eu; 550,, sTbg-,: C, 23.96 (23.80); H,
2.39 (2.55). Selected IR data (v, cm™): 3167 (br), 1545 (s), 1388
(vs), 1264 (s), 882 (m), 804 (m), 656 (s), 564 (s), 474 (m).

Tbo,EuggHL analyzed as {[TbyssEuy ¢5(HL),(H,0);]-5.5H,0},.
Anal. Found (Calcd) for C;gH,,Eu, ¢s0,,Thys: C, 24.14 (24.11); H,
242 (2.47). Selected IR data (v, cm™): 3183 (br), 1545 (s), 1387
(vs), 1264 (s), 882 (m), 804 (m), 656 (s), 564 (s), 474 (m).

Single Crystal Structure Determination. X-ray quality single
crystals of TbHL and EuHL were isolated from the procedure
described above. The crystals were mounted to a glass fiber using the
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oil-drop method.” The data were collected at 173 K on a Nonius
Kappa CCD diffractometer (Mo Ka radiation, 4 = 0.710 73 A). The
intensity data were corrected for Lorentz and polarization effects, and
for absorption. The programs COLLECT,*® SHELXS-97,*" SHELXL-
97 were used for data reduction, structure solution, and structure
refinement, respectively. The non-hydrogen atoms were refined
anisotropically. The H atoms were determined at the difference map
and refined isotropically riding with the heavy atom connected except
water hydrogens where also the coordinates were refined. The unit cell
contains 18 water molecules which have been treated as a diffuse
contribution to the overall scattering without specific atom positions
by SQUEEZE/PLATON.*

As a result, there is no electron density of the disordered water
molecules in the voids.

B RESULTS AND DISCUSSION

Colorless single crystals of TbHL and EuHL were obtained by
reacting LnCl;:6H,0 (La™ = Eu, Tb) and H,L under
hydrothermal conditions.>* In addition, mixed-lanthanoid
samples were synthesized through the same procedure by
varying the ratio of Ln salts. Powder XRD (Figures S1 and S2)
and IR spectra (Figures S3 and S$4) show that these compounds
all are isostructural. The compounds TbHL and EuHL
crystallize in the monoclinic space group C2/c; only the
structure of TbHL is discussed below (Figure 1 and Figures SS

Figure 1. Crystal structure of (a) 1-D Tb chain bridged by carboxylate
groups and water and (b) asymmetric unit. (c) Projection of the
structure of TbHL down the channels along the ¢ axis. All hydrogen
atoms and disordered water molecules in the channels are not shown.
Green = terbium, red = oxygen, gray = carbon.

and S6; crystallographic data are provided in Table S1, and
selected bond distances and angles are collected in Table S2).
The asymmetric unit of TbHL comprises one Tb™ ion, one
triply deprotonated ligand HL®", and one and a half molecules
of water. The nine-coordinated Tb™ ion is in a geometry that is
best described as a distorted triaugmented triangular prism by
the coordination of seven O donors from five carboxylate
groups and two O donors from water molecules. The Tb—O
distances are in the range 2.26—2.64 A. Adjacent Tb"" ions are
connected by two bridging O atoms from carboxyl groups,
forming the repeating unit [Tb,(COO)s(H,0);]. These
repeating units are bridged by a water molecule, creating the
infinite 1-D zigzag chain [Tb,(COO)((H,0);], as the
secondary building unit (SBU) along the ¢ axis. The adjacent

Tb™ to Tb™ distances are 4.212 and 4.532 A. The SBUs are
connected to four adjacent SBUs via the ligand HL*", thus
generating the 3D framework. A topological analysis of the
framework was performed with the program TOPOS.*>*® Each
binuclear SBU unit is considered as a 10-fold connected node.
The ligand HL>™ serves as a four-connected node, and water
acts as bridge (Figure 2). The structure can then be described
as a 4,10-connected net, named sqc246. The point symbol for
this topology is {3%.4%5},{3%4'.5%.6"}.

Figure 2. Topological structure of TbHL: (pink) repeating units of
SBU; (yellow) ligand HL.

The framework of TbHL contains one-dimensional channels
along the [001] direction. The void volume of these channels as
calculated by PLATON™ is 830.4 A® corresponding to 30.3%
of the unit cell volume. The channels are filled with
approximately 18 disordered water molecules per unit cell.
Thermogravimetric analyses (TGA) of TbHL and EuHL
confirm the presence of the water molecules within the 1-D
channels (Figure S7). The guest water molecules in the
channels are removed at 390 K. About ?/5 of the coordinated
water molecules, corresponding to the terminal water
molecules, are lost at ca. 430 K. The remaining '/; of the
coordinated water molecules (the bridging water molecule) are
lost at ca. 500 K. The framework starts to decompose at about
635 K. The total weight loss ascribed to water is 16.6%, in
agreement with the 16.7% water content calculated from
elemental analysis. EuHL shows similar thermal behavior; the
weight loss of 16.4% is in agreement with the 16.9% water
content calculated from elemental analysis.

Upon excitation at 325 nm TbHL displays the characteristic
emission peaks of the Tb" ion (Figure S8) whereas EuHL only
shows very weak red emission (Figure S9). The doped
compound GdygsEugosHL (containing only 5% europium)
exhibits the characteristic emission of the Eu™ jon when excited
at 325 nm (Figure S10). The excitation spectrum shows a
broad-band peak belonging to ligand-centered excitation. This
result indicates that the significantly lower emission intensity of
pure EuHL is due to concentration quenching.’”** The triplet
energy level of the ligand is estimated to be 26.6 X 10° cm™
from the shortest-wavelength phosphorescence band in the
phosphorescence spectrum of GdHL recorded at 77 K (Figure
S11).~" The energy difference between the triplet state of
the ligand and the Tb"" emitting level (°D,, 20.5 X 10* cm™) is
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approximately 6100 cm™'. According to Latva’s rules, the
energy of the triplet level of the ligand can thus be transferred
to Tb'™ without significant energy back transfer.”” The mixed-
lanthanoid compounds Tb,Eu,_HL (x = 0.95, 0.8, 0.6, 0.4,
0.2) exhibit the peaks of both Eu™ and Tb™ ions when excited
at 325 nm (Figures S12—14), but the emission intensity is quite
low for the compounds with a europium content higher than
40%.

Emission lifetimes were determined for TbHL,
Gdy9sThgosHL, GdygsEuyosHL, and Tb,Eu,_ HL (x = 095,
0.8, 0.6) (Figures S1S and S16); the emissions of EuHL,
Tby Euy¢HL, Tby,Eu,sHL are too weak for lifetime measure-
ments. Monoexponential behavior was observed for the °D,
decay curve monitored at 540 nm for Tb™ in TbHL and
GdysTbyosHL. Similar behavior was observed for the D,
decay monitored at 615 nm for Eu™ in GdygsEuyosHL and
Tb,Eu,_,HL (x = 095, 0.8, 0.6). The °D, decay curves
monitored at 544 nm for Tb™ in Tb Eu, HL (x = 0.95, 0.8,
0.6) display nonexponential behavior. These are characterized
by average lifetimes as given in eq 1 (Table $4).*

/0°°1(t)tdt
- f0°°1(t) dr )

The decay curves of Eu™ in Tb,Eu,_ HL (x = 0.95, 0.8, 0.6)
exhibit a build-up before decay, indicating the occurrence of
Tb™ to Eu'™ energy transfer (Figure S15). It is clear that the
rise time decreases with increasing fraction of Eu'. The lifetime
of Eu" emission decreases slightly with increasing the Eu™
concentrations (Table S4). The energy-transfer probability P
from Tb™ to Eu™ can be calculated by P = 1/7 — 1/7,, and the
energy-transfer efliciency can be calculated with = 1 — 7/7,,
where 7, and 7 are the lifetimes of terbium emissions in TbHL
and the Eu-doped compounds, respectively.>** As shown in
Table S4, the energy-transfer efficiency increases with
increasing concentrations of Eu™ for Tb,Eu,_HL (x = 0.95,
0.8, 0.6).

In order to gain better understanding of the mechanisms
governing the energy transfer, the temperature dependence of
luminescence emission of TbygEuyoHL was also studied
(Figure 3). With an increase in the temperature from 4 to 290
K, the emission intensity of Tb"™ decreases while Eu"" intensity
increases. A plot of the emission intensity ratio of the D, —
’F, (Eu', 615 nm) and °D, — F; (Tb", 540 nm) transitions
as a function of temperature is shown in Figure 4 (H).
Interestingly, especially in the low temperature range from 4 to
50 K, an increase of the temperature leads to rapid decrease of
the Tb™ emission intensity accompanied by a fast increase of
Eu'" emission intensity. These dramatic intensity changes allow
the use of our compound as a potential thermometer at
cryogenic temperatures.

The ratiometric thermometric parameter y is defined as the
ratio of the emission intensity of the Dy — ’F, (Eu') and °D,
— 7F; (Tb™) transitions. The relationship between y and
temperature T was fitted with eq 2 in the temperature range 4—
290 K. The correlation coefficient is R* = 0.996.

y = —1.966 + 0.895 In(T + 6.965) (4 < T < 290)

)
The relative sensitivity and temperature uncertainty are often

used to characterize the thermometer performance.””** The
relative sensitivity (S,) is defined as dy/ydT (see Figure 4 for
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Figure 3. Emission spectra of TbygsEuyosHL in the solid state in the
temperature range 4—290 K (Ax = 325 nm). Inset: temperature-
dependent luminescence intensity of *Dy — F, (red, Eu™ at 615 nm)
and D, — "Fs (black, Tb™ at 540 nm) transition in TbygsEugesHL
(Aex = 325 nm).
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Figure 4. Emission intensity ratio of the Dy, — ’F, (Eu", 615 nm)
and *D, — "F; (Tb", 540 nm) transitions for TbygsEugeHL as a
function of temperature (M, right axis) with the fitting curve (black
line; R* = 0.996) and the relative sensitivity curve (V/, left axis). Inset:
Enlarged relative sensitivity curve from 50 to 300 K.

details). The results show that this novel ratiometric
thermometer can be used in a wide temperature range, and it
is especially sensitive in the range 4—50 K, having a high
relative sensitivity up to 31% K™' at 4 K. A comprehensive
comparison of this work and other reported ratiometric
thermometers is provided in Table SS and Figure S17. The
accuracy of our compound is excellent, as judged from the
correlation coefficient R* of the fitting curve.””* The
temperature uncertainty is estimated by the equation 0T =
(1/S.)(8y/y), in which 8y/y is the relative uncertainty of
thermometer parameter determination and S, is the relative
sensitivity. In our case dy/y is about 0.5%, a typical value for
portable detectors.”>***” The temperature uncertainty is shown
in Figure S18, and it is 0.02 at 4 K, and 1.31 at 100 K,
respectively.

The stability of Tby¢sEu,osHL as a thermometer was tested
by exposing the compound to repeated heating and cooling
cycles first from 110 to 4 K four times and then from 290 to
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110 K four times (Figure S19). The response of the emission
spectrum to changes in temperature appeared to be fully
reversible. Furthermore, the powder XRD pattern of
TbygsEugosHL after low temperature emission measurement
is similar to the one taken before low temperature measure-
ment (Figure S2). The IR spectra of TbygsEugsHL before and
after the low temperature measurements are also highly similar
(Figure S4).

The dramatic luminescence color change of TbgsEu,,sHL
in the temperature range 4—50 K thus makes it a promising
colorimetric thermometer for in situ temperature measure-
ments. The CIE (Commission International d’Elairage)
chromaticity diagram coordinates have been calculated on the
basis of the corresponding emission spectra from 4 to 50 K.
The luminescence color of TbgsEuyosHL changes from green
(X =0.347, Y = 0.570) at 4 K to yellow/red (X = 0.507, Y =
0.453) at 50 K (Figure S20). This color change can be clearly
observed by the eyes.

The emission intensities of the Eu™ and Tb™ centers in the
doped compound Gdy goEuy s TbgosHL containing 5% Tb and
5% Eu change only slightly in the whole temperature range; at
lower temperatures the phosphorescence band of the ligand
becomes more prominent. This indicates that the temperature-
dependent emission of TbygsEugosHL is related to the absolute
Eu™ and Tb™ concentrations and their mutual interactions
(Figure S). The excitation spectra of TbygsEugosHL (moni-

Intensity (a.u.)

el
400 500 600
Wavelength (nm)

Figure S. Emission spectra of GdygEug¢sTbgosHL in the solid state in
the temperature range 4—290 K (4, = 325 nm).

tored at the emission of Eu'™" at 615 nm) in the temperature

range 4—290 K apart from a broad band for ligand-centered
excitation all show the direct excitation of Tb™ (Figure S21).
The initial rise in all the decay curves of the D, — ’F,
transition (Eu'l at 615 nm) in ThgosEugsHL (Figure 6a)
indicates that energy transfer of Tb™ to Eu™ occurs in the
whole temperature range. The lifetime of the Tb™ emission in
TbygsEugosHL decreases dramatically from 4 to 50 K, and the
decay curve changes from monoexponential to nonexponential
(Figure 6b and Figure S22). The lifetime of the Eu'"" emission
in TbggsEugsHL decreases only slightly (Figure 6a and Figure
$22). These results indicate that the probability of energy
transfer from Tb™ to Eu™ centers changes dramatically as the
temperature increases. At room temperature, the lifetime of Tb
emission in GdgsTbgosHL is 0.824 ms. This value is very close
to the Tb lifetime in TbHL at 4 K (0.865 ms; Tables S4 and
S6). At temperatures higher than 30 K, the Tb lifetimes in
TbHL are below 0.754 ms. These observations indicate that the
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Figure 6. Luminescence decay curves of (a) the Dy — ’F, (Eu™ at
615 nm) transition and (b) the D, — “F (Tb™ at 540 nm) transition
in TbygsEugosHL recorded at different temperatures (4., = 355 nm).

energy migration between Tb centers in TbHL occurs more
efficiently when the temperature is higher than 4 K. At 4 K, the
lifetime of Tb emission in TbygsEugesHL (0.858 ms) is very
close to that in pure TbHL (0.865 ms). However, at 30 K the
lifetime of Tb emission in TbggsEuyosHL becomes 0.383 ms,
about half that found for the pure TbHL at 30 K (0.754 ms).
Due to the larger energy gap between Tb™ and Eu', the
phonon-assisted energy transfer from Tb to Eu needs larger
phonon energy than the phonon-assisted energy migration
between Tb centers. The abrupt change in the lifetime of Tb
emission in TbygsEugosHL indicates the occurrence of phonon-
assisted energy migration between Tb ions, ultimately resulting
in Tb to Eu energy transfer.

On the basis of the results and the similar performance
reported for inorganic lanthanide materials,**~>* we propose
that the dramatic changes in the emission intensities of Eu'
and Tb™ in TbygsEuyosHL in the temperature range 4—50 K
are due to changes in the energy-migration efficiency between
Tb™ ions. Due to small variations in the energy levels of the
Tb™ center caused by subtle differences in the local
surroundings, energy migration between neighboring Tb™M
ions is hampered at cryogenic temperatures. Low energy
phonons are needed to make up the small energy mismatch
between neighboring Tb"™ ions. When the temperature
increases from 4 to 50 K, the energy in the excited state of
Tb"™ has more opportunity to migrate to a Tb"™ ion
neighboring a Eu" center, which is followed by subsequent
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energy transfer to Eu'. This proposed mechanism indicates

that the presence of Ln chains and the short Ln—Ln distances
in the structure play an important role in the sensing process at
cryogenic temperatures. The slow increase of the Eu'" emission
intensity and the further decrease of the Tb™ emission intensity
in the range 50—290 K can be explained by phonon-assisted
energy transfer from Tb™ to Eu'™ ions, which is temperature
sensitive.”*

The energy-transfer probability P and the energy-transfer
efficiency from Tb™ to Eu™ in TbygsEugosHL were calculated
(Table S6): both increase dramatically on going from 4 to 50 K,
and then change slightly in the range 50—290 K.

B CONCLUSIONS

In summary, we have synthesized a metal—organic framework
that can be used as a thermometer in cryogenic temperatures:
the working mechanism relies on both phonon-assisted energy
migration and phonon-assisted energy-transfer mechanisms.
The compound Tb gsEugyosHL shows a quantum yield of 22%
(excited at 325 nm) at room temperature and can be used as an
excellent temperature sensor in the wide temperature range 4—
290 K, with especially good sensitivity in the range 4—50 K, and
with a relative sensitivity up to 31% K" at 4 K.
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