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ABSTRACT Luminescent thermometers working at the nanoscale with high spatial
resolution, where the conventional methods are ineffective, have emerged over the last
couple of years as a very active field of research. Lanthanide-based materials are among
the most versatile thermal probes used in luminescent nanothermometers. Here, nanorods
of metal organic framework Thg goEug o1(BDC); 5(H,0), (BDC = 1-4-benzendicarboxylate)
have been prepared by the reverse microemulsion technique and characterized and their
photoluminescence properties studied from room temperature to 318 K. Aqueous

suspensions of these nanoparticles display an excellent performance as ratiometric

luminescent nanothermometers in the physiological temperature (300—320 K) range.
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uminescent thermometers working
at the nanoscale with high-spatial re-
solution have emerged over the past
few years, making this a very active field
of research with potential applications
in nanotechnology and nanomedicine.'
Lanthanide (Ln)-based materials are among
the most versatile thermal probes used in
luminescent nanothermometers.*~’ Ratio-
metric (or self-referencing) intensity mea-
surements avoid the drawbacks of the
experiments based on a single-transition
intensity (such as the variation dependence
of the sensor's concentration, material's in-
homogeneities and optoelectronic drifts
of the excitation source and detectors) as
they are very reliable for precise-tempera-
ture sensing. Examples of ratiometric Ln-
based nanothermometers include (Er™,
Yb3+)—,2'779 ﬁ'm3+/ Yb3+)—,1° E+-" and
Nd3"-based'? up-conversion nanoparticles
(NPs), (Eu*", Tb®*") mixed metal—organic
framework (MOF),"® a siloxane hybrid co-
doped with a Eu*" complex and an organic
dye,® and siloxane hybrid magnetic NPs*'
and hybrid films'> doped with Eu®*" and
Th*" tris(8-diketonate) chelates.
MOFs are very promising multifunctional
luminescent materials largely due to the
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presence of metal ions or clusters and or-
ganic linkers, providing a wealth of oppor-
tunities for engineering properties.'®™'8
Moreover, the guest molecules they host
may further assist in tuning the lumines-
cence properties. A number of studies report
the use of MOF NPs in sensing, biomedical
imaging and drug delivery.®~?? Applica-
tions of luminescent MOFs in chemical sen-
sing and light-emitting devices are also well
documented.?® 3% In contrast, little work is
available on the preparation of NPs of Ln®"-
MOFs which, however, present considerable
potential as nanoplatforms for biological
and biomedical applications.?'*?

Recently, Cui et al. reported the first
ratiometric luminescent MOF thermometer,
(EUo.0069TP09931)2(DMBDC)5(H,0) 4 - DMF - H,0O
(DMBDC = 2,5-dimethoxy-1,4-benzenedicar-
boxylate), based on the emissions of T3+ at
545 nm and Eu®" at 613 nm."® This material,
however, exhibits a linear response only in the
range 50—200 K (thus, not covering the phy-
siological range, ~300—320 K) and consists of
micrometer-size particles. Building upon this
work, here we propose a Thg goEUg01(BDC) 5-
(H,0), (BDC = 1-4-benzendicarboxylate)
MOF (1) self-referencing, ratiometric, lumines-
cent nanothermometer as a platform for
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Figure 1. (a) TEM image of Tbg goEug 91(BDC); 5(H,0), (1) nanorods; (b) crystal structure of 1 viewed along the a-axis (Tb/Eu,
green polyhedra; C, gray; O, red; H atoms are omitted for clarity).

nanomedicine applications. Because of (i) their excel-
lent sensing performance in the range of physiological
temperatures in the form of an aqueous suspension,
and (i) the possibility of further co-doping with Gd*™,
these particles present a considerable potential for appli-
cations of biological interest, particularly in multimodal
(thermal, optical and magnetic resonance) imaging.

RESULTS AND DISCUSSION

Nanorods of 1 were prepared by a reverse micro-
emulsion method.>'3? Briefly, two CTAB/1-hexanol/
isooctane/water microemulsions with W = 5 (W is
defined as water-to-surfactant molar ratio; CTAB =
cetylmethylammonium bromide) containing Na,BDC
and TbCl3/EuCls (molar ratio 99:1) were combined and
stirred vigorously for 2.5 h. The NPs of 1 were isolated
by centrifugation and washed with ethanol. As shown
by TEM (Figure 1a), they consist of crystalline nanorods
with average length and diameter of 300 and 30 nm,
respectively.

Powder X-ray diffraction confirms that 1 is crystalline
and corresponds to the bulk phase Tb(BDC), 5(H,0),
(Figure S1, Supporting Information), first reported in
Reineke et al>® The three-dimensional structure of
Thg99EUg01(BDC), 5(H,0), is built up from terephtha-
late ligands and isolated Ln*" polyhedra (Figure 1b).
Each Ln*" ion is eight-coordinated to six bridging
carboxylate groups from six terephthalate ligands, with
two water molecules completing the coordination
sphere. The BDC ligand bridges a total of four Ln*"
centers. The overall structure may be described as the
stacking of alternating inorganic and organic layers
along the b-axis.

To assess the potential of 1 to be used as a nano-
thermometer, the temperature dependence of its
emission was investigated. Both solid particles and a
salt-solution suspension were studied. The tempera-
ture was cycled three times in the 290—320 K range
and the emission and excitation spectra were recorded
(Figure 2 and Figure S2, Supporting Information).
The spectra of the solid particles and suspensions,
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before and after temperature cycling, are exactly the
same, thus excluding any structural change induced
by the temperature variation (Figure S3, Supporting
Information); this conclusion is supported by powder
XRD (Figure S1, Supporting Information). We note,
in passing, that issue of the stability of 1 in various
solvents was previously addressed by Chen et al.?°
Upon excitation at 320 nm, 1 exhibits the characteristic
D, — "Fs_4 (Tb**) and °Dy — "Fy_4 (EU*") transitions.
When we compare the excitation spectra of 1
(monitored at 698 nm, Eu>**"°D, — “F,, to avoid overlap
with the Tb®>" emission lines) and Tb(BDC), 5(H,0),
(monitored at 545 nm, To>*°D, — 7Fs), the presence
of the "Fg — °Gg,s, >L1o, °D3.4, To>" lines in the former
spectrum is evident, indicating a Tb>™-to-Eu®" energy-
transfer process (Figure S2a, Supporting Information).

Further evidence for Tb>"-to-Eu®>" energy transfer is
forthcoming from the °D, and °D, emission-decay
curves. The °D, decay curves of 1 excited at 377 nm
(Tb3* level) and within the ligand (270 and 320 nm)
display a single-exponential behavior (Figure S4 and
Table S1, Supporting Information). The dependence of
the lifetimes on the excitation wavelength is in accord
with a model proposed recently to describe the de-
pendence of the lifetime on the excitation energy in
the presence of intramolecular-energy transfer.* Irre-
spective of the excitation wavelength, the lifetime
values are always smaller than the values measured
for Tb(BDC), 5(H,0), (Figure S5 and Table S2, Support-
ing Information). Moreover, the °D, decay curves under
excitation via the excited-ligand levels exhibit a rising
part (between 107> and 103 s, Figures S6 and S7,
Supporting Information) before decaying, indicating
that some source is feeding the >Dy level. The fitted rise
time and the °D, intrinsic lifetime are similar, supporting
nonradiative Th**-to-Eu>" energy transfer. A simple
definition of the Tb*"-to-Eu®" energy-transfer probabil-
ity in terms of the °D, donor lifetime in the presence (7)

and absence (o) of the Eu*" acceptors is>>>°
1 1
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Figure 2. Emission spectra of 1 in (a) the solid state and (b) aqueous suspension (0.36 g-L~") in the physiologic-temperature
range excited at 320 nm. Temperature dependence of the normalized-integrated intensity of the °D, — ’F5 (Tb®*", green) and
Do — 'F, (Eu®*, red) transitions in (c) the solid state and (d) aqueous suspension.

whereas the corresponding energy-transfer efficiency

i S35,36

S e)
To

For 320 nm, Prp_gy and Eq, g, are 037 x 10° s~ and
23.1%, respectively (Cui et al."® reported a Ey, g, value
of ca. 40%). The maximum emission-quantum yields of 1
in the form of solid NPs and in suspension are 0.39 +
0.04 and 0.23 % 0.02 (excitation at 320 nm), respectively.
There are very few reports of MOFs emission-quantum
yields,'”” including the following for NPs: 0.07 for
Eu(BDQ); 5(H20),, 0.26, for Tb(BDC); 5(H,0),,>” and 0.39
for ([(Eu,Tb)(CeHgO4)3(H;0);] - (C10HgN,).*

The luminescent intensity of Tb®" and Eu®" in 1
decreases gradually as the temperature increases
between 290 and 320 K (Figure 2a) as expected from
the thermal activation of nonradiative-decay path-
ways. The temperature-dependence of the emission
spectra is evident from the integrated areas of the
5Do—"F, (EU*™, Ig,) and °D, — "Fs (Th3T, Iy,) transitions
(Figure 2c). As the °D, — ’Fs transition is almost
insensitive to the Tb>* local environment, due to its
magnetic dipole character, the decrease with tempera-
ture of its integrated area is similar for powders and
water suspensions (ca. 15%, Figure 2¢,d). In contrast,
the decrease of the integrated area of the induced-
electric dipole Dy — ’F, Eu" transition is much larger
for suspensions (25%) than for powders (10%), due to
the hypersensitivity of this transition to changes in the
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neighborhood (e.g., in the surrounding medium
polarizability). The areas of the D, — ’F, and °D, —
’F5 lines define the ratiometric thermometric parameter
A (eq 3) allowing the measurement of the temperature
from the emission spectra.

/
A=T
lEu

3)

Although some other empirical definitions of the A

thermometric parameter are possible,

4,15

an integrated

intensity ratio of two emissions is commonly used in
ratiometric luminescence temperature sensing. More-
over, this parameter has the distinct advantage of
being independent of the particles concentration in
the media. The dependence of A with temperature
provides a calibration curve for the thermometers.
Figure 3 shows the calibration curves of 1 in the solid
form and in an aqueous suspension, indicating that
these materials are luminescent thermometers opera-
tive in the 290—320 K range. Upon cycling the tem-
perature, no significant hysteresis is observed, as the
A parameters measured for different cycles are the
same, within experimental error. For simplicity, to have
a calibration curve with a thermometric parameter in
the range ca. 0.9—1.0, the A values were normalized to
the 303 K value (the lowest common temperature of all
cycles). Moreover, the sensitivity (eq 4) may be used as
a figure of merit to compare the performance of the
luminescent thermometers based on 1 and the per-
formance of other systems reported in the literature.’
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Figure 3. Calibration curves of 1 in (a) solid state and (b)
aqueous suspension (0.36 g-L™') in the range 290—320 K;
black squares and red circles represent the first and second
heating cycles, respectively. The solid lines are the linear
fits A/Azps « = 1.41—0.00136T (* > 0.91) and A/Azpz « =
1.91-0.00296T (* > 0.81) for 1 in the solid state and
aqueous suspension, respectively. The error bars result
from the propagation of the errors (<1%) in the determina-
tion of the °D, — “Fs and Dy — ’F, transitions areas.
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The sensitivity of 1 (both for water suspension and
solid) is almost constant between 298 and 320 K with
maximum values of 0.31%-K~' (water suspension)
and 0.14%-K ™' (solid) at 318 K (Figure 4). The higher
sensitivity of the water suspension is due to the large
variation of the Dy — ’F, integrated area, as discussed
above. This is the first Ln-MOF thermometer sensitive
in the physiological temperature range. Cui et al.
reported for (Eu,Tb,_,),(DMBDC)3(H,0),:DMF-H,0
micrometer-size particles a maximum sensitivity of
1.3%-K~' at 284 K'? using the same thermometric
parameter presented in eq 3. The work of this group
is a significant step forward in cryogenic-temperature
sensors due to the excellent linear correlation between

METHODS

Synthesis. Tbg99EU( 01(BDC);5(H,0), and Tbh(BDC); 5(H,0),
nanorods were prepared according to the literature.3*2 Typically,
two W =5 microemulsions were formed by addition of 0.1 M
aqueous benzenedicarboxylate disodium salt (112 x 10°° L)
and 0.1 M aqueous TbCl5/EuCl3 with a 99:1 molar ratio or 0.1 M
ThCl; solution (112 x 107 L) to two separate 0.05 M CTAB/
1-hexanol/isooctane mixtures (25 x 1072 L each). The molar
ratio for the oil mixture was 1:14:110, respectively. The separate
microemulsions were stirred vigorously for 10 min at room
temperature after which they were combined. The resultant
50 x 10> L microemulsion was stirred vigorously for an
additional 2.5 h at room temperature. The nanoparticles were
isolated by centrifugation at 6000 rpm for 10 min. After removal
of the supernatant, the particles were washed using sonica-
tion in ethanol. The ethanol suspension was then centrifuged
again for 10 min at 6000 rpm to recover the nanoparticles. This
procedure was repeated twice. The solid obtained was dried for
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Figure 4. Relative sensitivity of the thermometers 1, in
solid state (black) and aqueous suspension (blue), and
(Euo.0069Tb0.9931)2(DMBDC); (H;0),-DMF-H,0" (red). The
physiological temperature range is shadowed.

the temperature and luminescence intensity ratio from
50 to 200 K; the thermometer is, however, not opera-
tive in the physiological temperature range.

CONCLUSIONS

In summary, the potential application of nanorods of
Tbg goEUg01(BDC), 5(H,0), as ratiometric nanotherm-
ometers operating in aqueous suspension in the phy-
siological-temperature range was evaluated. A
microemulsion method was used to prepare the
Th*"/Eu*' co-doped MOF nanoparticles and their
photoluminescence properties studied from 298 to
318 K. The temperature-dependence of the *Dy — ’F,
(Eu®) and °D, — “Fs (Tb®") transitions was used to
define the ratiometric thermometric parameter. Aqu-
eous suspensions of those nanoparticles display an
excellent performance as ratiometric luminescent na-
nothermometers, emission quantum yield of 0.23 +
0.02 (excitation at 320 nm) and relative sensitivity of
0.37%-K~ ' at 318 K, pointing out the possibility of
using nanoMOFS to measure physiological tempera-
tures in biological applications.

one night in an oven at 40 °C. To optimize the emission pro-
perties for thermometry, sample with Th:Eu doping molar ratios
from 90:10 to 99:1 were prepared. The latter was used in the
studies reported here.

Photoluminescence Measurements. Photoluminescence spectra
were recorded with a modular double grating excitation spec-
trofluorimeter with a TRIAX 320 emission monochromator
(Fluorolog-3, Horiba Scientific) coupled to a R928 Hamamatsu
photomultiplier, using a front face acquisition mode. The
excitation source was a 450 W Xe arc lamp. The emission spectra
were corrected for detection and optical spectral response of
the spectrofluorimeter and the excitation spectra were cor-
rected for the spectral distribution of the lamp intensity using
a photodiode reference detector. The temperature was cycled
three times in the 290—320 K, and the emission and excitation
spectra were recorded at equal time intervals when the tem-
perature increases. The second and third cycles were used to
calibrate the nanothermometers. The temperature was varied
using a IES-RD31 controller and a Kapton thermofoil heater from
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Minco mounted on a Cu holder and monitored using a thermo-
couple thermometer Barnant 100 (model 600-2820) with a
resolution of 0.1 °C. The emission decay curves were measured
with the setup described for the luminescence spectra using a
pulsed Xe—Hg lamp (6 x 107 s pulse at half width and (20—30) x
107 s tail).

Absolute Emission Quantum Yields. The absolute emission quan-
tum yields were measured at room temperature using a quantum
yield measurement system C9920-02 from Hamamatsu with a
150 W xenon lamp coupled to a monochromator for wavelength
discrimination, an integrating sphere as sample chamber and a
multi channel analyzer for signal detection. Three measurements
were made for each sample so that the average value is reported.
The method is accurate to within 10%.
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