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We report on a new thermochromic material containing a europium complex for thermal sensing
through its fluorescence response to temperature. The ratio between the strong luminescence peak of
europium (III) and a side band emission is employed as a new probe for optical sensing of temperature.
The ratio is observed to follow an Arrhenius-type dependence with temperature. Based on these results

we developed a thermal probe based on a segment of luminescent thermometer optically cemented to

the tip of a PMMA fibre.
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1. Introduction

The progressive shrinking of electronic and photonic devices
from micron- to nano-scale size requires new diagnostics tech-
niques compatible with spatial constraints. In particular, ther-
mometry techniques require new approaches alternative to
classical thermometers based on expansion/contraction of volume
or thermoelectric properties, which are seriously limited in size
resolution and accuracy [1]. For this purpose, nanosize thermocou-
ples fabricated by lithography have been developed, being the
spatial resolution determined by the geometric size of the thermo-
couple. Nevertheless, these sensors show some drawbacks such as
that they provide only the temperature at the sensing module/de-
vice interface, they are subjected to electrical interference and
diagnosis is limited in speed and data volume. One of the main
strategies to provide local temperature in nanoscopic systems is
the design of molecules and nanoparticles which exhibit a strong
optical response to temperature. Nanomaterials for thermal sens-
ing range from carbon nanotubes [2-5] to semiconducting quan-
tum dots [6-10] nanostructured inorganic films, polymeric liquid
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crystals, and thermochromic molecules. Optical probe of tempera-
ture has as main advantage the fact that it is insensitive to
undesired electrical interference, allowing at the same time for
advanced diagnosis, e.g. remote distance diagnosis by using optical
fibres and simultaneous analysis on different local regions by
multiplexing data acquisition. The type of optical probe employed
to detect temperature is of diverse nature, from absorption/reflec-
tion, to Raman and Brillouin scattering, amplified spontaneous
emission, as well as fluorescence measurements (steady state or
transient).

In this work we address the use of europium complexes for ther-
mal sensing through their fluorescence response to temperature. In
general terms, fluorescent thermal probes rely on shift in emission
spectrum, changes in the intensity and linewidth and variation on
dynamics of emitting states. Each of these detection schemes has
associated advantages and drawbacks. For instance, monitoring
photoluminescence (PL) lifetime provides large sensitivity to
temperature mainly due to the possibility to restrict detection to
a temporal window where dynamics are thermally activated,
excluding other temperature insensitive time domains. The disad-
vantage is that this detection method is unable to discriminate from
additional decay channels that may arise from photodegradation or
fluctuations in excitation intensity in the presence of non-linear
emission behaviour. Analysis of time-integrated emission spectrum
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has on the other hand the advantage that its implementation is rel-
atively simple and it allows for processing signals of larger magni-
tude, which is an advantage for remote sensing applications.
Monitoring relative changes in intensity of two optical transitions
from two thermally coupled energy levels is one of the most popu-
lar techniques for thermal sensing. When the difference in energy
levels of two photoexcited states is comparable to the thermal en-
ergy, transitions between them are thermally activated. Thermally-
induced changes in the population of states leads to a variation in
the intensity ratio of the emission peaks, being an interesting prin-
ciple for a thermometer. Moreover, fluctuations in laser excitation
or bleaching effects do not influence the ratio values as far as ther-
mal sensing transitions originate from a common primary excited
state. Rare earth ions are excellent candidates for these applications
owing to their energy level configuration, dominant radiative tran-
sitions rates, emission in the visible-near IR, and narrow linewidth
emission together with moderate energy separation, which facili-
tates overlap-free spectral detection.

In this work we report on the strong thermochromism observed
on a composite based on methylmethacrylate (MMA) and an Eu®*-
dibenzoylmethide ternary complex (Eu(dbm)s;phen), (chemical
structure depicted in Fig. 1a). Upon excitation at 380 nm the material
exhibits a dual emission composed of a temperature independent
broad band at 450 nm and a strongly temperature dependent nar-
row emission peak at 612 nm attributed to the °Dy — ’F, Eu®* elec-
tronic transition. The ratio between integrated photoluminescence
(PL) values at both regions is thus strongly temperature dependent
and constitutes the principle for a molecular thermometer.

2. Experimental

Eu(dbm)sphen was prepared according to the procedure re-
ported by Melby et al. [11] The composite was obtained by adding
Eu(dbm)sphen to a glass test-tube containing methylmethacrylate
(MMA) in a 0.03% total weight ratio in the presence of a catalytic
amount of lauroyl peroxide. The solution test-tube was then placed
in an oil bath at 60 °C for 140 min. At the end, the glass test-tube
was broken to release the glassy rod of Eu(dbm)sphen -doped
PMMA. For reasons discussed below, this Eu(dbm)s;phen -doped
PMMA material will be designated as copolymer in the following,
as its properties are different from those corresponding to a simple
mixture of PMMA and Eu(dbm)sphen. Samples for PL measure-
ments consisted of slides of approximately 1 mm thickness cut
from the main copolymer block and polished on both sides in order
to make them optically accessible. PL measurements at various
temperatures were performed with a Fluorolog fluoremeter by fix-
ing the slides to the cold finger of an Oxford Instruments cryostat.
Measurements were performed in vacuum at approximately 103
mbar. In order to enhance thermal contact between the slide and
the cryostat finger a heat sink paste purchased from RS electronics
was applied between the slide edge and the finger. PL acquisition
was only started 10 min after the thermocouple reached each of
the desired temperatures in order to favour thermalization of the
copolymer slide. For measurements in plastic optical fibre (POF)
a slide was fixed to the polished end of a single index PMMA fibre
(radius 1 mm, length 3 cm) by using BC-600 Optical Cement from
Saint Gobain Crystals and Detectors with matched refractive index
to PMMA. Excitation in the UV was provided by an Omicron
375nm 10 mW output laser. Detection was performed using a
fibre coupled Ocean Optics spectrometer.

3. Results and discussion

The PL spectra of a copolymer slide and a spincoated blend film
of Eu(dbm)sphen in PMMA with same Eu(dbm)sphen weight
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content as the copolymer are compared in Fig. 1a. Upon excitation
at 330 nm the emission spectrum of PMMA:Eu(dbm)sphen blend
exhibits the characteristic emission of Eu>** with a dominant emis-
sion peak at 613 nm attributed to the *Dy-’F, electronic transition.
No residual emission from dibenzoylmethide or phenanthroline li-
gands is observed, thus suggesting a complete energy transfer from
the sensitizing ligands to Eu>*. In this most general case, the Eu>*
emission occurs via an efficiently tailored energy transfer process
[12-14] comprising (i) light absorption by the ligands, (ii) efficient
intersystem crossing from the singlet to the triplet manifold of the
ligands and (iii) energy transfer to Eu>* ion followed by subsequent
radiative decay. Based on this principle, efficient OLEDs were fab-
ricated employing blends of conjugated polymer and Eu-com-
plexes as emissive layer, involving an efficient Forster transfer
from the host polymer to the ligands of the Eu-complex. [15]

In contrast, the PL spectrum of the copolymer displays two con-
tributions: a dominant band with peak at 395 nm, ascribed to
residual emission from the ligands, and less intense Eu®>* emission.
Furthermore, the PL excitation spectrum of copolymer detecting at
613 nm (Fig. 1b) depicts a dominant peak at 390 nm coincident
with the 7Fy—>Lg electronic transition in Eu*, indicating that emis-
sion in copolymer occurs predominantly via direct excitation of the
Eu®" ion. This result is in clear contrast with the PL excitation
spectrum reported in Eu(dbm)sphen by Huang et al. [16] which
displays intense broad bands due to sensitization of both dib-
enzoylmethide (in the UV-blue spectral range) and phenanthroline
(deep UV spectral range) moieties. We thus believe that breaking
of the Eu®* - ligand coordination bonds during the MMA polymer-
ization reaction process could partially hindered the Eu>* ion an-
tenna effect. It is worth noting that Eu®* emission disappears
when the copolymer block is dissolved in toluene. Only ligand
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Fig. 2. (a) Reduction of Eu*>* emission from copolymer as the temperature is
increased from 300 to 373 K. Each spectrum was normalized at the maximum of the
blue band. (b) Same spectrum re-scaled.

emission is observed in the resulting solution or a spincoated film
prepared from the solution. Though the exact mechanism is not yet
known, we believe that the dbm ligand which sensitizes Eu®*
looses its coordination [17] in the presence of the radicals of the
growing PMMA chains. Interestingly, energy transfer to Eu* ions
in copolymer is retained to some extent as shown in Fig. 1a. Partial
sensitization of the polymer is probably related to the increased
viscosity during polymerization which leads to a glassy PMMA
(Tg=120°C), where the dbm ligands remain in close vicinity of
the Eu®" ion, thus retaining some sensitization ability. This cage ef-
fect is lost when the copolymer is dissolved and the dbm ligand (or
some modification of it after reaction with the growing MMA
chain) is dispersed in solution. We have also observed that upon
heating a solution of Eu(dbm)sphen in MMA for 7 h at 65 °C (the
MMA polymerization temperature) without initiator to avoid
MMA polymerisation, no residual ligand emission nor quenching
of Eu>* emission are observed, ruling out the simple temperature
effect. Only when MMA polymerisation is carried out in the pres-
ence of Eu(dbm)s;phen, both significant residual ligand emission
and Eu®* emission quenching are visible. Based on these conclu-
sions we infer that emission of copolymer upon 380 nm excitation
(Fig. 1b) is likely the result of direct excitation into europium ion
levels and of energy transfer from dbm ligands to much less extent.
The blue! emission band likely arises from residual dbm emission.
Note that alternative explanations such as the formation of a new
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Fig. 3. (a) Comparison of two PL spectra before (filled squares) and after (empty
squares) a complete heating-cooling cycle. (b) Ratio between two PL integrated
areas: 600-625nm (Eu®* emission) and 440-460 nm (blue band). Solid line
corresponds to a fit according to an Arrhenius type temperature dependence.

metal-to-ligand charge transfer state during copolymerization, of-
ten reported in copolymers containing lanthanide complexes [18],
are ruled out here due to the removal of Eu*" coordination, as dis-
cussed above.

The presence of a dual emission in the copolymer together with
the different temperature dependent behaviour across the PL spec-
trum enables ratiometric determination of temperature as we will
demonstrate below. Fig. 2a displays the PL spectra of copolymer
slides at different temperatures under excitation at 380 nm. As
temperature experiences a progressive rise from 298 K to 373 K,
the Eu®* emission becomes gradually weaker respect to the blue
emission band. At 373 K the 613 nm emission peak is reduced by
approximately 65% with respect to room temperature, (Fig. 2b).
This change is almost completely reversible as demonstrated by
the large degree of recovery after a complete heating-cooling cycle
(Fig. 3a). The small hysteresis is most likely related to incomplete
thermalization due to the slow heat dissipation during the cooling
process.

We now address the origin of thermochromism in the copoly-
mer. The relation between the ratio of emission at 612 nm and at
450 nm with temperature follows an Arrhenius type dependence
Ip, o< exp (— &) with E, the activation energy, (Fig. 3b). This result
indicates that the mechanism leading to quenching of Eu** emis-
sion is thermally activated with activation energy of 0.12 eV esti-
mated from the fit. We rule out thermal induced changes in
population of singlets and triplets of the ligand as the origin of
quenching since ligand absorption is negligible at 380 nm. On the
other hand the energy offset between the emitting °Dg electronic
level and the immediate upper E atomic degeneracy is around
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0.11 eV consistent with the value we found. [19] Thus we attribute
the quenching of Eu" emission to thermal deactivation of the °Dg
population towards the upper E levels. Note that the selection rules
restrict optical relaxation back to >Dg thus leading to an effective
emission quenching. This process is obviously reversible since a
decrease in temperature leads to reduced thermal population of
the E levels in favour of °Dy. Accordingly, the ratio between the
integrated PL both of 613 nm and the blue band upon excitation
at 380 nm can be employed as the calibration curve for a molecular
thermometer. Note that the strength of ratiometric measurements
relies on the insensitivity to external factors, such as fluctuation in
excitation intensity [20]. These latter are removed upon normaliza-
tion by the second integrated PL band.

Furthermore, we attempted the integration of this sensing
copolymer on a single index fibre based on PMMA by attaching a
copolymer slide to one of the fibre tips. Upon excitation of the
tip at 380 nm and detection at the opposed end of the fibre we ob-
serve both blue and Eu>* emission (inset of Fig. 4). Compared with
the emission from the block copolymer, the spectrum recorded at
the end of the optical fibre displays some differences. The blue
emission band is shifted from 450 nm to 490 nm. Most noticeable
is the enhancement of intensity ratio between the blue band and
the Eu®* emission. Both differences are likely attributed to the
characteristic attenuation of PMMA. A reduction of Eu3* emission
by almost 75% is observed at 373 K respect to room temperature.

This result suggests that the copolymer can be easily integrated
in a POF preserving its temperature sensing functionalities. We
tested different fibre lengths observing a strong attenuation of
the blue band respect to Eu*" emission as the fibre length
increases.

4. Conclusion

In conclusion we developed a new copolymer based on MMA
and Eu(dbm)sphen which exhibits a large degree of reversible ther-
mochromism. Ratiometric comparison of both Eu** peak and the
residual emission ascribed to the organic ligands allows for univo-
cal temperature determination. We demonstrate that this system
can be easily integrated in POF fibres based in PMMA to allow
for remote temperature sensing.
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