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ABSTRACT: A luminescent mixed lanthanide metal—
organic framework approach has been realized to explore
luminescent thermometers. The targeted self-referencing
luminescent thermometer Eug g99Tbg.993;-DMBDC
(DMBDC = 2, 5-dimethoxy-1, 4-benzenedicarboxylate)
based on two emissions of Tb*>" at 545 nm and Eu®" at 613
nm is not only more robust, reliable, and instantaneous but
also has higher sensitivity than the parent MOF Tb-
DMBDC based on one emission at a wide range from 10
to 300 K.

elf-assembly of metal ions and organic linkers into

luminescent metal—organic frameworks (MOFs) has
provided the bri$ht promise to develop functional luminescent
MOF materials. > This is because both the inorganic and
organic moieties can provide the platforms to generate
luminescence, while metal—ligand charge-transfer related
luminescence can add another dimensional luminescent
functionality. Furthermore, some guest molecules within
MOFs can also emit and/or induce luminescence. Compared
with the traditional molecular approach, by making use of
molecular organic and coordination compounds to explore
functional luminescent materials, the MOF approach also has
the advantage to collaboratively interplay/interact with each
other among the periodically located luminescent centers to
direct new functionalities. In fact, a variety of luminescent
MOFs have been realized for their diverse applications on
chemical sensing, light-emitting devices, and biomedicine over
the past two decades.® **

Temperature-dependent luminescence is a very common
phenomenon which has been utilized to develop luminescent
thermometers based on molecular coordination compounds
and their nanoparticles.”>~>> Such new luminescent thermom-
eters have distinct advantages over other conventional
thermometers because of their fast response, high sensitivity,
noninvasive operation, and inertness to strong electric or
magnetic fields. However, most luminescent thermometers
explored until now are only based on the temperature-
dependent luminescence intensity of one transition whose
accuracy can be heavily affected by the quantity of the
luminophore, excitation power, and the drifts of the
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optoelectronic system; and/or on lifetime which requires a
relatively long time and the computational treatment. Recently,
Carlos has pioneered the two luminescent transitions approach
based on molecular coordination compounds and nanoparticles
to explore more robust and reliable luminescent thermom-
eters.”® To dope Eu** into an isostructural Tb**-MOF to form
the mixed-lanthanide metal organic frameworks
(Eu,Tb,_,),(DMBDC);(H,0),-DMF-H,0 (Eu,Tb,_,-
DMBDC; DMBDC 2,5-dimethoxy-1,4-benzenedicarboxy-
late) in which the second luminescent transition from the
Dy — 'F, of Eu’" at 613 nm can be readily generated in
addition to the original one of the Tb*" at 545 nm from the °D,
— 7F transition, while their temperature-dependent lumines-
cent intensity ratios I'r,/Ig, can be optimized by the controlled
doping of different amounts of Eu®*, herein we report the first
luminescent mixed-lanthanide MOF thermometer
Euyg 969 Tbg993;-DMBDC at a wide temperature range.

Reacting H,DMBDC with Tb(NO;); or Eu(NO;); via a
solvothermal method in mixed solvents of dimethylformamide
(DME), ethanol, and water yielded colorless rodlike crystals of
Tb,(DMBDC);(H,0),-DMF-H,0 (Tb-DMBDC) or
Eu,(DMBDC);(H,0),, DMF-H,0 (Eu-DMBDC), respec-
tively.

Single-crystal X-ray diffraction analyses indicate that the
MOFs Tb-DMBDC and Eu-DMBDC are isostructural,
exhibiting three-dimensional (3D) rod-packing structures as
shown in Figure 1 for the Tb-DMBDC in which each Tb*-
carboxylate infinite SBU is connected to other six chains
through the phenylene portion of the DMBDC linkers.
Accordingly, the Eu’*/Tb* mixed lanthanide MOFs of the
general formula (Eu,Tb,_,),(DMBDC);(H,0), DMF-H,0
(Eu,Tb,_,-DMBDC) (x = 0.0011, 0.0046, and 0.0069) can
be readily synthesized by varying the original molar ratios of
Eu(NO;); to Tb(NO;); through the same synthetic
procedures. The molar ratios of Eu’*/Tb* in the resulting
mixed lanthanide MOFs match with the original molar ratios of
Eu’*/Tb* in the starting chemicals, which were exclusively
confirmed by inductively coupled plasma spectroscopy (ICP).
As expected, these mixed lanthanide MOFs are isostructural to
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(b)

Figure 1. Crystal structure of Tb-DMBDC indicating (a) 1D Tb*-
carboxylate chain as the infinite SBU and (b) the crystal packing
viewed along the a crystallographic direction (Tb, blue polyhedra; C,
green; O, red; H atoms are omitted for clarity).

the parent ones Tb-DMBDC and Eu-DMBDC, as shown in
their powder X-ray diffraction patterns (Figure S1).

To determine whether the DMBDC linkers provide efficient
sensitization for the lanthanide ions, the room temperature
excitation and emission spectra of the MOFs were examined in
the solid state. All the excitation spectra display an intense and
broad band with a maximum at around 381 nm, which is
attributed to the 7—z* electron transition of DMBDC linkers
(Figures S7—S11). Upon excitation at 381 nm, these MOFs
exhibit the characteristic lanthanide luminescence with sharp
and well-separated emission bands. Tb-DMBDC displays the
emission peaks at 489, 545, 587, and 621 nm which can be
assigned to the °D, — F; (J = 6, S, 4, and 3) transitions of Tb>*
ions; while Eu-DMBDC exhibits emissions at 592, 613, 652,

and 701 nm which are from the D, — 7FJ (J=1,2,3,and 4)
transitions of Eu®* ions. As expected, all the doped mixed
lanthanide MOFs Euy 91, Tbgg95e-DMBDC, Euy 946Tbg 9954
DMBDC, and Euyy59Tbgg93;-DMBDC simultaneously show
both the characteristic emissions of the Tb*>" and the Eu®" ions.
These results clearly indicate that the DMBDC is an excellent
antenna chromophore for sensitizing both Tb** and Eu®* ions.
It needs to be particularly mentioned that the emission of the
Eu®" ions in mixed lanthanide MOFs are further sensitized by
the Tb** ions within the same frameworks. Such Tb**-to-Eu®*
energy transfer behaviors have been confirmed by the emission
spectra excited at 488 nm of the "Fg — °D, transition from the
Tb*" ions at room temperature (Figures S12—S14).

The temperature-dependent photoluminescent (PL) proper-
ties of the MOFs were investigated both in terms of intensity
and lifetime in order to establish their potentials as luminescent
thermometers. The temperature dependence of the emission
spectra of Tb-DMBDC, Eu-DMBDC and Eug9s0Tbg.0931-
DMBDC from 10 to 300 K are illustrated in Figure 2a—c, and
the integrated intensities of the D, — "F5 (Tb**, 545 nm) and
Dy = 'F, (Eu*, 613 nm) transitions are shown in Figure 2d.
The luminescent intensity of both Tb** and Eu®* in Tb-
DMBDC and Eu-DMBDC decreases gradually as the temper-
ature increases which is normal due to the thermal activation of
nonradiative-decay pathways. However, the mixed lanthanide
MOF Euy 969 Tbg 993,-DMBDC exhibits a significantly different
temperature-dependent luminescent behavior from those of
Tb-DMBDC and Eu-DMBDC. The emission intensity of the
Tb*" ions in EuggpeoThpg93-DMBDC decreases, while that of
the Eu®" increases with the temperature. At 10 K, the emission
bands of 613 (Eu®") and 545 (Tb®") nm have comparable
intensity, whereas at 300 K, the emission of Eu** almost
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Figure 2. Emission spectra of (a) Tb-DMBDC, (b) Eu-DMBDC, (c) Euy o69Tb903,-DMBDC recorded between 10 and 300 K (excited at 355 nm
from the third harmonic of a Nd:YAG laser), and (d) temperature dependence of integrated intensities of the *D, — "Fs (534—562 nm) and *Dy —
’F, (605—633 nm) transitions for Eug 4460 Tbg993;-DMBDC. (Inset) Temperature-dependent integrated intensity of the *D, — Fj transition of Tb-

DMBDC and °D, — ’F, transition of Eu-DMBDC.
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dominates the whole spectrum although the Eu®* content in the
Euyg 969 Tbg 993;-DMBDC is very low. Similar results were also
observed in other mixed lanthanide MOFs (Figures S15—S18).
Such temperature-dependent emission spectra are repeatable
and reversible.

The different temperature-dependent luminescent emissions
of 5D, — "F (Tb*, 545 nm) and °D, — ’F, (Eu**, 613 nm) in
the same mixed lanthanide MOFs have enabled them to be
excellent candidates for self-referencing luminescent thermom-
eters; we thus examined the Eug o690 Tbg.993;-DMBDC in detail.
As shown in Figure 3, the temperature can be readily correlated
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Figure 3. Temperature dependence of the integrated intensity ratio of
Tb* (545 nm) to Eu®* (613 nm) for Euy go60Tbo.993;-DMBDC (black
squares), and temperature dependence of integrated intensity of Tb**
(545 nm) for Tb-DMBDC (red triangles). (Inset) Fitted curves of the
integrated intensity ratio for Euggog9Tbg g93;-DMBDC from 50 to 200
K.

to the emission intensity ratio of the D, — "F (Tb*', 545 nm)
to D, — F, (Eu*, 613 nm) transition (Ir,/Ig,), which does
not require any additional calibration of luminescence intensity.
Such a mixed lanthanide MOF thermometer is not only more
robust and reliable but also exhibits higher sensitivity than the
Tb-DMBDC based on the single transition of °D, — "Fy at 545
nm, as demonstrated in its larger slope (Figure 3, black) than
the temperature-dependent luminescence decay rate (Figure 3,
red). The fact that the temperature can be linearly related to
Ity/Ig, by the eq 1 from 50 to 200 K

T = 287.09 — 263.85F/ Iy, 1)
indicates that EuggeoTDbg.993;-DMBDC is an excellent
luminescent thermometer at this temperature range (Figure
3, inset). Such a luminescent thermometer at this temperature
range has been rarely explored”’ although thermocouples and
resistance thermometers based on platinum, germanium, or
carbon have been available.

Because Tb*" and Eu®" within Euy 4469 Tbg,993,-DMBDC emit
different colors of green at 545 nm and red at 613 nm,
respectively; such a luminescent mixed lanthanide MOF
thermometer has also allowed us to directly visualize the
temperature change instantly and straightforwardly, another
very unique feature for two emissions based luminescent
thermometers. As shown in Figure 4, the temperature
dependent luminescence colors of Euggys9TDg993,-DMBDC
are systematically tuned from the green-yellow to red from 10
to 300 K, which can be clearly and directly observed even by
the naked eye or camera. Based on Commission Internacionale
d’Eclairage (CIE) chromaticity diagram, the corresponding CIE
coordinates change from (0.428, 0.442) at 10 K to (0.575,
0.347) at 300 K.
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Figure 4. (a) Photograph of the luminescent Eugy59Tby993;-DMBDC
at 10 K (left) and 300 K (right), excited at 312 nm. (b) CIE
chromaticity diagram showing the luminescence color of
Eug 060 Tbg.0931-DMBDC at different temperatures.

The unique temperature-dependent emissions and lumines-
cence colors in Eug ggg0Tbgg93;-DMBDC may be rationalized
by the temperature-dependent energy transfer probability from
the Tb* to Eu® ions. The variable temperature emission
spectra of Euggys9Tbgg93;-DMBDC excited at 488 nm clearly
demonstrates that the probability of the Tb**-to-Eu’* energy
transfer is significantly enhanced when the temperature
increases (Figure S20). To better understand the mechanism
of such energy transfer, the lifetimes of the excited states *D,
(Eu*) and °D, (Tb*) at different temperature within these
luminescent MOFs were monitored at 613 and 545 nm,
respectively (Figure S21—S24). The lifetime of °D, in Eu-
DMBDC and D, in Tb-DMBDC decrease by approximately
30% as the temperature is increased from 10 to 300 K.
However, there is no significant decrease of the °D, (Eu®")
lifetime in Eugg9s9TDg993;-DMBDC. The fact that, at the same
temperature, Etg060Tbg9951-DMBDC exhibits shorter D,
(Tb**) lifetime than Tb-DMBDC; while longer D, (Eu**)
lifetime than Eu-DMBDC, does indicate that the energy
transfer from the Tb*" to Eu®* occurs. In theory, the efficiency
of energy transfer (E) between the donor and acceptor can be
calculated from the lifetime of donor luminescence:*

Tda

|

E=1-
)

where 74, and 74 are the donor’s excited-state lifetime in the
presence and absence of the acceptor, respectively. The
calculated energy transfer efficiency of the Tb** to Eu’*
transition in Euggs9Tbg 993;-DMBDC displays stable enhance-
ment at the elevated temperature (Figure S25). Such energy
transfer might be mainly controlled by the phonon-assisted
Forster transfer mechanism.***°

In summary, we developed a luminescent mixed lanthanide
MOF approach and realized the first MOF thermometer based
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on two emissions at a wide temperature range which is robust,
reliable, and instantaneous. In order to fulfill luminescent Eu**/
Tb>" mixed MOF thermometers, the organic linkers need to
have the suitable triplet excited state energy in the range of
22000—24000 cm ™" to match the energy of the main accepting
level of Eu** (°D,, 19030 cm™) and Tb*(°D,, 20500 cm™),
thus sensitizing both Eu** and Tb*" emissions simultaneously
and efficiently.*® On the basis of the time-dependent DFT
calculation, the H,DMBDC has the triplet excited state energy
of 23306 cm™" which has enabled it as the efficient organic
linker for such a purpose. This luminescent MOF thermometer
represents a significant step forward in cryogenic temperature
sensors due to the excellent linear correlation between
temperature and luminescence intensity ratio from 50 to 200
K. Additionally, the richness of organic linkers to tune their
different triplet excited state energy and thus to sensitize
different combination of lanthanide ions in their luminescent
mixed lanthanide MOFs and to construct diverse MOF
structures to optimize the energy transfer among the lanthanide
ions has enabled this very promising luminescent mixed
lanthanide MOF approach to realize practically useful
luminescent thermometers with high sensitivity and a tunable
response range. Because we can further explore nanoscale
mixed lanthanide MOFs,*” these new luminescent thermom-
eters can be further applied as nanothermometers in intra-
cellular sensing and thermal mapping with nanospatial
resolution in the near future.
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X-ray structure data in CIF format, experimental procedures
and characterization data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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