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Abstract:

A new molecular thermometric sensor based on the terbium(Ill) complex
[Comim][Tb(fod)s] (Comim — 1-methyl-3-ethylimidazolium, fod" - tetrakis-6,6,7,7,8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedionate), doped with 0.015% of its europium(III)
analogue (1, [Comim][Tb(fod)4]o.99985:[Comim][Eu(fod)s]o.00015), was prepared and its
thermochromic behaviour evaluated from ambient temperature up to 75 °C, including in
the physiological range (35-45 °C). It was found that the intensity ratio of the *Ds—"Fs
(Tb™) and *Do—"F, (Eu'') transitions is correlated with temperature having three
different linear regimes. Visual colorimetry allowed the evaluation of the temperature in
different ranges from green at ambient temperature, to yellow and finally red at higher
temperatures. The Tb'™' complex emission intensity is extremely sensitive to small
temperature variations, particularly between 25 and 35 °C, were it reaches only 40% of
the initial intensity.

Confinement of the dopped Tb'! tetrakis-complex in the organic polymeric matrix
poly(methylmethacrylate) (PMMA) induced higher thermal stability in 1, together with a
strong temperature dependence of the most intense emissive transition of the Tb'!
complexes. The photoluminescence quantum yield of polymer-lanthanide hybrid
materials increased significantly compared with that of 1. Under 366 nm irradiation, the
hybrid material presents a green colour at 25 °C that evolves to yellow at 30 °C and to a

white tone at 35 °C.



Introduction

Contactless thermometers are extremely important in research fields such as
microelectronics and nanomedicine. Hyperthermia, a recently developed therapeutic
method for the treatment of cancer diseases, uses localized heat on tumorous lesions at
temperatures between 40-45 °C for 60-90 minutes.'!! Temperature monitoring is important
for reducing the risk of thermal toxicity due to excessive heating, higher than 43.5 °C, the
temperature at which healthy cells start to die. A recent study recommends the usage of
at least fifty sensors for adequate evaluation of tissue temperature during frequent
treatments.*!

Thermometry based on the luminescence of lanthanides (Ln) relies mostly on the
measurement of the intensity of two distinct emitting centers, using more effectively the
ratio of the most intense transitions of Tb'! and Eu'"', D4—Fs and *Do—F», respectively.
Usually, these Tb/Eu' combinations have the best performances at very low
temperatures, ca. -70 °C, rendering them less adequate for biological applications.
Luminescent thermal probes based exclusively on the emissive properties of terbium are
rare. Incorporation of Eu(tfa)s/Tb(tfa); complexes in a 1:1 metal ratio in a phenanthroline-
polymer yielded a material with yellow emission colour.”) Recently, Brito and co-
workers published the trivalent tetrakis complexes [Csmim][Tbi.x<Eux(btfa)s] (btfa- -
4,4 A-trifluoro-1-phenyl-2,4-butanedionate) with a temperature dependence of the
intensity ratio between the most intense bands: *Ds—Fs from Tb'! and *D¢—'F, from
Eu', with relative thermal sensitivity around 7.6% at -253.15 °C and a minimum
temperature uncertainty below 0.03 °C.1*) Interestingly, using the excitation wavelength
at 360 nm, attributed to the chromophore ligand singlet-singlet transition (So—S1), the

thermometer works in the -253 to -73 °C range. Shifting the excitation wavelength to 489



nm, which corresponds to the direct excitation of Tb', the operating interval is -123 to -
48 °C with a maximum sensitivity (Sm) higher that 1%.

An unusual and rarely reported behaviour was observed for an Eu/Tb mixed MOF
[Euo.01TboooNDC] (NDC* = 1,4-naphthalenedicarboxylate) at the physiological
temperature range, after optimization of the used organic ligand by using information
about its energy triplet level.l’! In this case, the fluorescence intensity of Tb'! decreases

slowly, while Eu'!

quenches rapidly. As a consequence, the self-referencing
thermometric parameter A(A = Itv/Igy) increases exponentially, being more pronounced
in the 120-200 °C range. Other lanthanide MOF thermometers working in the
physiological range are Eu'"/Tb" halides post-functionalized in a MIL type MOF of In.[¢]
The thermal sensitivity of Ig,.Its@In-MOF-253 is 4.97% °C™'. A NIR luminescent MOF
with Nd™ and Yb" ions using a highly symmetric ligand, [Ndo.¢sYboosBPTC], BPTC -
1,10-biphenyl-3,30,5,50-tetracarboxylate, presented exponential-type luminescence
responses to temperatures between 19.8-49.8 °C with a maximum sensitivity of 0.94% C
' at the lower temperature.”! Ananias et al. reported the influence of the Tb'
concentration on the tetragonal lanthanide triad silicate Na[(GdxTbyEu,)Si04]-nNaOH
nanothermometer working at cryogenic temperatures with a remarkable maximum
sensitivity of 6.2% C! at -261 °C.[®!

Carlos and co-workers explored the use of Covalent Organic Frameworks (COFs) as
supports for the preparation of hybrid materials as ratiometric luminescent temperature
sensors. Interestingly, for the Eu/Tb systems, there is no thermal quenching of the Tb'!
emission because of the absence of ion-to-ligand/host energy back transfer, a behaviour
rarely observed in Ln'"! based materials.!

In most cases, temperature sensitivity of lanthanide materials works by means of

temperature quenching because of the deactivation of the luminescent excited states of



lanthanide ions.['”) For a detailed explanation of the temperature sensitive mechanisms,
the authors suggest a recently published review article where the standardization of
luminescence thermometry for biomedical applications is discussed.['!!

The present work stems from our interest in designing luminescent thermal probes for
semi-contact temperature sensors based on lanthanide tetrakis-p-diketonate complexes.
Uncommon thermochromic features of the [Eu(fod)s]” complex anion (fod - tetrakis-
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate) were recently reported by
us.!?!

For an effective energy transfer process in Eu'! and Tb'!!, the T, energy level of the ligands
should be higher than the *Do and °D4 level of Eu' and Tb™ (17200 and 20400 ¢cm,
respectively). Generally, Tb'! complexes are more prone to back energy transfer
processes than Eu''l, because the donor level of the ligand is located at 3250 cm™.["*1 The

triplet energy state of the fod™ sensitizer is 22500 cm™, only 2080 cm™! above the emitting

level D4 of Tb'™! (Scheme 1).
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Scheme 1. Energy level diagram for the transfer processes of [Comim][Tb(fod)s]:-

x[Camim][Eu(fod)4]x.



The observed thermochromism originating from an unusual, and apparently diketone-
exclusive, anion-cation interaction through the fod ligand was detected for the
[Comim][Tb(fod)4] complex at temperatures between 25 and 40 °C. This ratio was found
because of ratiometic relationships between different bands from the *Ds—Fs transition,
which change their relative intensity upon increasing the temperature. This subject will
be discussed at the end of the following section.

More interestingly, the ratio between 1(°Ds—Fs) from Tb'' and the Eu'' I(°Do—'F>)

transition bands, showed a ratiometric thermal behaviour at physiological temperatures

111 111

when an extremely low amount of the Eu' complex is used in the Tb"/Eu mixture.
The effect of fluorination on the optical properties of lanthanide B-diketonates has been
the subject of intensive research and it was concluded that -CF3 groups are responsible
for a significant increase in the emission intensity when compared with the -CHs
analogue.l'* Besides having higher luminescent intensities and being thermally more
stable, highly fluorinated B-diketone lanthanide complexes show suppression of non-
radiative decay paths because of the low frequency of the C—F vibrational oscillators.”!
Moreover, the effect of fluorination on the absolute quantum yield for Eu'! luminescence
was reported for [Eu(fod)sdpbt] as being 59%, which is higher than the 45% found for
[Eu(tta);dpbt].[1®]

Doping lanthanide complexes in polymer matrices allows easier manipulation, increased
thermal resistance and higher photostability. Poly(methylmethacrylate) (PMMA) is a
popular host matrix because of its transparency at wavelengths higher than 250 nm. Here,
we report the thermometric behaviour of

[Comim][Tb(fod)4]0.99985:[ Comim][Eu(fod)4]o.00015 (1) embedded in a PMMA matrix with

a loading of 10% (w/w). A remarkable change of temperature-dependent emission was



observed under a UV lamp (excitation wavelength 366 nm), with green emission at 25 °C
evolving to yellow at 30 °C and a white tone at 35 °C. At temperatures higher than 50 °C

1

an orange/pink colour is observed, mainly arising from the Eu™'-complex emission.

Results and Discussion

Thermal behaviour and room temperature luminescence

Thermal stress resistance of 1 was investigated by thermogravimetric analysis (TGA)
between 25 and 600 °C (Figure 1a) under an air atmosphere at rates of 10 °C min'.

The TGA profiles of 1 revealed a remarkable thermal stability with decomposition not
setting in until around 200 °C, with only 2% weight loss, which is expected for highly
fluorinated complexes that have very low amounts of adsorbed water or retained solvent.
Full decomposition comprises the formation of oxyfluorides of terbium and europium,
which represent 17.4% of the initial mass.

As observed in other complexes of the [Eu(fod)s4]” family, an endothermic solid—solid
phase transition occurs in 1 with an endothermic peak with Tonat 99.5 °C for the heating,
and an exothermic peak at 77.9 °C for the cooling (Figure 1b). Analysis of the DSC profile
shows a reversible change between two solid phases (a case of polymorphism). The AH
value was readily calculated from the area of the DSC curve (both the cooling and
heating). The difference between the transition temperature in the cooling and heating
curves arises from some inertia of the process and can be associated with a small barrier
to be overcome in the transformation from one phase to the other. One of the possibilities
for overcoming this barrier is to use the entropy increase associated with the increase of
temperature. It is therefore possible to calculate for the phase transition, considering the
value of the enthalpy (AH=+29.78 kJ mol'), an entropy associated with the process of

transformation (AS=+78.36 ] mol! K™), as well as estimate a small activation energy of
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2.28 kJ mol!. The nature of the phase transformation that occurs between the two solid
phases cannot be deduced solely from the analysis of the DSC. However, it can be
explained if it is associated with a solid-solid phase transition, frequently reported for
some organic ionic liquids based on the Comim™ cation, but uncommonly described for
inorganic compounds.!'7!8]

The profile of the calorimetric analysis (DSC) is apparently independent of the lanthanide
centre and the nature of the cation. We have repeatedly observed a thermal process
between 80 and 100 °C, attributed to a reversible solid-solid phase transition, reflected in
the colour of the complex, which changes from light yellow to deep purple at temperatures
close to 100 °C. The causes behind this phenomenon are not yet fully understood,

although evidence indicates that a strong interaction between fluorinated chains of fod"

and the cation is promoted by an increase of temperature.['?!
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Figure 1 a) TGA profile of 1. b) DSC curve of 1 recorded with a heating rate of 5 °C

min~!' from 20 to 150 °C.

Important parameters for Eu'! and Tb"' complexes to be used as biological probes in

biological media are large Stokes shifts, narrow emission bands and long excited-state



).[19201 Complex 1 shows strong luminescence at ambient temperature,

lifetimes (ms
attributed to the non-aromatic character of the B-diketonate ligand, thereby ensuring that
the energy of the triplet level (T1) is higher than those of the resonance level *Da4 of Tb'
and Dy of Eu'L.12!]

The full emission spectra centred on the most intense *Ds—’Fs transition of the Tb™
cation at 545 nm, recorded at ambient temperature, is depicted in Figure 2. When excited
at 350 nm, the emission of [Comim][Tb(fod)4] exhibits narrow emission lines in the range
of 400-650 nm, corresponding to the Ds—’F3 456 transitions of Tb'. At the same
excitation wavelength for [Comim][Eu(fod)4], the *Do—"F; (590 nm) and *D¢—'F, (612

nm) transitions are less predominant, while the low intensity *Do—’Fo (579 nm) band is

hidden by the *Ds—"F4 Tb'! transition.
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Figure 2 Full emission spectra of [Comim][Tb(fod)4]o.99985:[ Comim][Eu(fod)4]o.00015 (1)

at ambient temperature upon excitation at 350 nm. Inset: the [Comim][Tb(fod)4] structure.

In the sensitization process, the light energy is absorbed by the ligand in a singlet-singlet
transition and then intersystem crossing decay populates a lower lying triplet state (T1)

that transfers energy, non-radiatively, to the resonant 4f level of the Ln' jon, which



subsequently emits at characteristic wavelengths.??! According to a theoretical rule
developed for europium and terbium complexes, efficient energy transfer occurs when
the energy difference between the first excited triplet state of ligands (T1) and the resonant
level of the Ln'" ion is around 25003500 cm .

The phenomenon of energy back-transfer from the Ln'" ions to the ligand, which reduces
the luminescence intensity, is induced by a temperature increase, frequently reaching very
low emission intensities at temperatures close to that of the ambient. As presented below,

this effect was much more pronounced for [Comim][Tb(fod)s] than for

[Comim][Eu(fod)4].

Temperature-sensitive luminescence assays of 1 and 1@PMMA

Figure 3a shows the excitation spectrum of 1 monitored around the more intense 545 nm
emission line for the Tb'" ion. A broadening and shift in the excitation band maximum
was observed from a single band at 25 °C (340 nm), to broader bands with a maximum of
370 nm at 75 °C. A red shift for the maximum excitation intensity is probably related to
the peculiar and unusual effect of temperature on the coordination mode of fod™ to the
lanthanide centre.l'?] As expected, the ligand absorption band is dominant because of the

I £¢ electronic transitions and the very low extinction

well-known forbidden Ln
coefficients. This band corresponds to the So—S1 singlet-single transition from the fod
ligand and [Comim] cation.[*!

The ambient temperature spectra derived from absorption and diffuse reflectance

measurements of 1 in the UV-visible region (300-500 nm) is depicted in Figure 3b. The

10
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broad and intense absorption band in the 300-350 nm range is associated with the n-m*

intra-ligand transition of the fod ligand from the Sy ground state to the S excited state.!**]
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Figure 3 a) Normalized excitation spectra monitored for the Ds—’Fs transition of Tb'!

at different temperatures. b) Absorption spectrum of 1.

The photophysical properties and unusual temperature dependence of [Comim][Eu(fod)4]
were discussed in detail in our previous work and were not considered relevant for the
observed thermochromism of [Comim][Tb(fod)4]o.999s5:[Camim][Eu(fod)4]o.00015.2*

The solid-state emission spectra of 1 were recorded between 450 and 650 nm, under
excitation of the ligand absorption band at 350 nm, from 25 to 75 °C with 1 °C steps
between 35 and 45 °C. Upon heating, the fluorescence intensity of Tb' decreases
dramatically, while that of Eu'"! decreases at a much slower rate. The emission intensity
decreases by around 40% from 25 to 30 °C and by up to 60% at 35 °C. This is an
uncommon behaviour, not usually observed in other Tb'"' complexes, that allows the
observed high thermometric sensitivity at temperatures close to ambient temperature and

slightly higher, including physiological temperatures, up to 75 °C where it reaches only

10% of the initial emission intensity (Figure 4).
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In a similar fashion, for the dinuclear complex of Tb™ containing the ligand 1,8-bis(2-
hydroxy-benzamido)-3,6-dioxaoctane, a reduction of emission intensity of close to 50%
was observed between 20 °C and 60 °C, along with a sensitivity of the luminescent
intensity of 1.13% C1.[2 The effect is probably observed because of the deactivation of
the °Ds state of the Tb'"' cation, mainly through the back-energy transfer from the °Da
state to the triplet excited state of the antenna chromophore of the ligand.[>>2] In this case,
a close match between the energy of the T; state and the energy of the Tb'!' 4f level
(Scheme 1) significantly influences the back-transfer mechanism. The position of the T
level is very temperature dependent, so the luminescence promoted by the ‘antenna effect’
of the chromophore can be perturbed by a temperature increase.

Besides the well-known reported quenching effect of temperature, attributed to the
thermal population of the triplet state of the fod™ ligand by the emitting °Ds4 state [*7], in
this case, the decrease of the emission intensity may have some contribution from a
relevant influence of the temperature on the coordination environment around the terbium
centre, to which corresponds a lower energy transference from the ligand to the metal
centre, as will be discussed below.

Assuming the optical properties of [Camim][Eu(fod)s],** the option of using an

extremely low ratio of Eu/Tb stems from the fact that a highly emissive Eu'"

complex
could hide the Tb'" signal. Despite the intense green luminescence, the intrinsic quantum
yield (@) of the Tb™ complex is only 2% and is surprisingly low compared with other

13281 or its Eu"! analogue, which presents a value for ®g, of

Tb™ diketonate complexes!
82%. Quantum efficiency values close to 5% were, however, found for the highly
fluorinated tris-diketonate Tb'' complex, Tb(hfa);bpm.>!

Under the employed Tb/Eu concentration ratio there is a spectral overlap between the

SD4—’F3 and the Do—'F; red emissions of Tb' and Eu'", respectively. For the presented

12



results, the superposition is not relevant because we have used relative intensities instead

of total area of the considered emission bands (Figure 4).
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Figure 4 The evolution of the emission spectra of
[Comim][Tb(fod)4]0.99985:[ Comim][Eu(fod)4]o.00015 upon excitation at a wavelength of 350
nm, selectively exciting Tb'.. Yellow lines represent emission at physiological

temperatures measured with 1 °C steps between 35 and 45 °C.

Three different linear ratiometric relationships were found (Figure 5) with a drastic
decrease between 25 and 36 °C, which is associated with a very high absolute sensitivity
of 10% C-!. From 37 to 60 °C, where the experimental temperature increment was 1 °C in
the 35-45 °C range, linearity between Iss4s/l¢12 and temperature was found, although with

a lower absolute sensitivity of 3%.
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Figure 5 The solid lines show the best linear fit for Is4s/ls12. a) 25-36 °C A=-0.10T + 5.14
(1>=0.992), b) 37-60 °C A=-0.030T + 2.57 (r*=0.987), c) 65-75 °C A= -0.012T + 1.55
(r’=0.994).

The emission intensity of the *Do—’F» transition from Eu'"

starts to decrease very
discreetly only at temperatures close to 35 °C, while that from Tb™ is significantly
reduced with each heating step. These two interesting features allow the deduction of a
ratiometric relationship at biological temperatures with considerable maximum relative
sensitivity (Sr, %) of 4.1% at 41 °C. At temperatures above 65 °C, °Ds—’Fs and *Do—F
transition bands have low intensity, although at this stage I(°Do—"F>) is slightly higher
than I(°D4—"F5s). The final colour of the
[Comim][Tb(fod)4]o.99985:[Comim][Eu(fod)s]o.00015 homogeneous mixture when heated to
100 °C is pink.

The Commission Internationale de L’éclairage (CIE) chromaticity diagram of 1 was

calculated at different temperatures from the corresponding corrected emission spectra

14



(Figure 6). Under 350 nm excitation, the emission colour changes from light green at 25
°C, to yellow at 35 °C and finally becomes bright red at 75 °C. The tetrachromatic (light
green, yellow, orange, and red) series reflects the balance between the *Ds—’Fs and
*Do—"F, transition intensities in all ratiometric temperature sensing studies based on

these lanthanides.

Figure 6 CIE chromaticity coordinate changes of 1 at different temperatures under
hexc=340 nm.

The relative thermal sensitivity (Sr, %) is an important parameter that reflects the
performance of the thermometer. A is the measured temperature sensitive parameter
Is45/I612, OT is the estimate of the temperature uncertainty (1 °C) and dA is the variation
in A%

104
Sr = 25 (1)

In the physiological temperature range, the relative sensitivity has the lowest value of
0.8% at 37 °C, increasing up to the maximum value of 4.1% at 41 °C. Values close to

4% were found at 43 °C and 45 °C (Figure 7).

15
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Figure 7 Relative thermal sensitivity (S; %) in the physiological temperature range.

The thermochromic performance of 1 was run in triplicate with the same sample after
total recovery of initial emission properties. The Is4s/l612 versus temperature graph profile

(Figure 5) was reproducible across three consecutive repetitions.

Table 1 Comparison of the sensitivity of recently reported ratiometric sensing probes working

at physiological temperatures. Materials, the temperature range of analysis range (AT), and

maximum relative sensitivity (Sm% C') under the temperature range.

Material AT(°C) Sm (% C1) Ref.
Phen-polymer@Eu,Tb _tfac -13.1-186.8 2.34 3
Euo.01Tbo.goNDC 20-60 7.32 5
Naz([EUQ,53Tb0‘47(tfaC)3]2 6.8-106.8 2.70 31
[Tb(Hsbtp)].2H>O 25.8-45.8 1.43 32
PMMA[TbEuLtppo] -20-39.8 4.21 3
Tbo,ogEUQ,ozGdo,g(Carb)z.Hzo 24-45 5.32 34
Tbo,gEuo,lPhenim 29.8-149.8 1.75 35
[Czmim][Tb(fod)4]o.99985.[ C2mim][Eu(fod)4]o.00015 36-45 4.1 This work

16



As already stated, both the quantum efficiency and the decay time depend on the level of
energy transfer of the donor (fod") to the acceptor, and on the emitting energy levels of
the lanthanide ions, which in turn depend on the distance between the acceptor and donor
energy levels.3®!

The *D4—"F4 transition (Aem=545 nm) lifetimes of 1 were acquired and fitted with a bi-
exponential decay curve (tron= A+ Biexp(—t/11) + B2exp(—t/12)), indicating that the Tb'!
dye undergoes a complex deactivation pathway with two components (Figure 8a, Table
2). The longest component (ca. 0.3 ms at 5 °C) is typical for Tb'! metal centers in the
absence of relevant non-radiative deactivation processes.*”] Thus, the short component is
attributed to the energy back-transfer from Tb'! centers to surrounding ligands. Upon
heating, both components undergo a decrease in lifetime, and the short component
becomes prevalent, leading to a marked decrease in overall emission lifetime (Figure 8b).
These results suggest that temperature promotes the deactivation through energy back-

I

transfer, which is more prevalent in Tb'!! centres than Eu'"' complexes, giving rise to the

observed ratiometric thermal sensitivity of our system.
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Figure 8 Lifetime measurements of Tb'!! complex from 5 to 75 °C measured at 545 nm

corresponding to the >Ds—"F4 transition (Aexe=350 nm).
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Table 2 Observed luminescence lifetime (cobs., ms) and amplitudes (B) of 1 from 5 °C to 75

°C.
T (°C) T1 (ms) T2 (mSs) B B2 Tm (MS)
5 0.055 0.312 0.24 0.42 0.110
15 0.041 0.281 0.18 0.32 0.083
25 0.031 0.238 0.13 0.24 0.032
35 0.024 0.211 0.10 0.16 0.047
45 0.020 0.181 0.14 0.16 0.036
55 0.020 0.159 0.11 0.10 0.026
65 0.020 0.153 0.16 0.14 0.025
75 0.020 0.145 0.08 0.031 0.023

We have previously observed for a polysulfone (PSU) membrane, hosting 10 % (w/w) of
[Comim][Eu(fod)s], a linear decrease of the I(°Do—"F2)/I(°Do—"F) ratio in the range 110
-150 °C.2

Poly(methylmethacrylate), known as acrylic glass owing to its transparency and chemical
stability, presents some advantages over other organic polymers, including protection
from water, high transparency, good optical properties and improved photostability under
UV irradiation of the guest complexes.

After embedding 1 in PMMA (10% w/w), the wavelength of the maximum emission
increased from 545 nm to 550 nm for the *Ds—’Fs transition of the Tb™! complex and
from 612 nm to 619 nm for the *Do—'F transition of [Comim][Eu(fod)s]. The emission
spectra are dominated by these two transitions and the spectra resemble the host

[Comim][Tb(fod)4]o.99985:[Comim][Eu(fod)s]o.00015 (Figure 4).

18



The excitation spectra were monitored for both the *Ds—'Fs and Do—F; transitions of
1@PMMA at 25 and 75 °C and are depicted in Figure S1 (Supporting Information).

The temperature-dependent emission spectra of the functionalized material, 1@PMMA,
are illustrated in Figure 8a and show a gradual decrease of intensity of the *Ds—'Fs
transition band from Tb'!, responsible for the green emission of the material at 25 °C.
Because of thermal activation of nonradiative deactivation pathways, induced by the
temperature increase, the luminescence intensity of Tb'" decreases dramatically as the
temperature increases from 25 to 100 °C, while that of Eu'! decreases at a much slower
rate. Upon heating, the green component decreases, while the intensity of the red

contribution from Eu'"

remains almost constant up to 45 °C, at which temperature the
balance of emissions results in I@PMMA emitting a light-yellow colour under 350 nm
excitation wavelength (Figure 9a).

Ratiometric luminescent thermometry was also found in 1@PMMA with a temperature

dependent ratio Isso/Is12 that can be fitted with the polynomial relation; A=5.27 -0.11T +

6.0x10*T? and r? of 0.998 (Figure 9b).
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Figure 9 a) Emission spectra of 1@PMMA recorded between 25 and 100 °C by using an
excitation wavelength of 350 nm. b) Temperature dependent ratio Isso/lgi2 with

polynomial fit found A=5.27 -0.11T + 6.0x10*T? and r* of 0.998.
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Under 366 nm UV-lamp irradiation, the emission colours can easily be tuned by discrete
variations of temperature. A small variation of only 5 °C, from 25 to 30 °C, allows the
functionalized material to change from emitting green to emitting yellow and then a white
|

tone at only 35 °C. Finally, at temperatures higher than 55 °C the red emission from Eu

dominates the spectra with 30% of the initial emission intensity at 100 °C (Figure 9a).

25°C 30°C 35°C 40°C 45°C 50°C 55°C 60°C 65°C 70°C

Figure 10 Pictures of 1@PMMA material deposited on the top surface of glass under 366

nm irradiation at different temperatures.

The intrinsic quantum yield (®) of 1 increased more than two-fold when embedded in
PMMA: from 2% in the pure solid to 5.1% when immobilized in the polymeric matrix.
Improvement of @ of the luminescent lanthanide complexes was previously reported after
confinement in PMMA %1 According to one of these studies, PMMA affects the
coordination environment of the Tb'"" ions and changes the energy transfer probabilities
of the electric dipole transitions, which are reflected in a higher relative intensity of the
SD4—"Fs transition.[”)

This organic/inorganic hybrid material foresees interesting applications in photovoltaics
(PV) as luminescent solar concentrators (LSC).[*"! Depending on the outside temperature
to which the photovoltaic device is exposed, complementary absorption of the full solar
spectrum can be achieved, reducing the mismatch between the AM1.5G spectrum and the
PV cells absorption (Figure 10).

The morphology of the polymer matrix PMMA and the as-prepared films were inspected
by Surface Scanning Electron Micrograph (SEM). The SEM images show that PMMA

particles have a regular size (Figure 11a) and 1@PMMA particles, after removal of the
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film deposited onto the glass surface, have an approximate size of 200 pm (Figure 11b).

PMMA films have inherent brittleness and after complex incorporation, the solid

presented crystal shape particles with very small micropores.

Figure 11 Surface Scanning Electron Micrograph (SEM) images of a) template PMMA
spheres with 50x magnification. b) Surface SEM images of 1@PMMA with 100x

magnification showing microporous morphology.

A side paragraph should be devoted to the emission profile of the *Ds—’Fs transition
band of the Tb" complex when exposed to a gradual increase of temperature. The
SD4—’F¢ transition is a magnetic-dipole and its intensity does not depend on the
coordination environment. In contrast, the >Ds—'Fs transition, because of its electric
character, depends strongly on the ligand field around the Tb'" centre.

The >Ds—"Fs transition band of 1 is split into four ‘shoulders’ with different energy levels
at 545, 547, 551 and 554 nm. Similar to what was reported for the Eu'" analogue,*'under
heating [Comim][Tb(fod)s] undergoes a reasonable increase of the intensity in the second

most intense sublevel that comprise the *Ds—’Fs transition.
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The emission spectra profile changes during heating, suggesting modification of the
chemical environment around Tb' allows its categorization as a single-centered
emission thermal probe.

Pioneer work developed by Yuasa and Kawai uses the idea that a significant increment

1 relative to the emission at 613 nm, is

in emission intensity at 616 nm (shoulder) for Eu
directly related to the temperature of exposure.l*”] The emission intensity at 545 nm
decreases linearly as the temperature is increased from 25 to 40 °C. Conversely, the
emission intensity at 548 nm increases with an increase of temperature. Above 40 °C and
up to 75 °C, this ratio remains almost constant due to the very low intensity of the emission
band, with flattening of the band shoulders (Figure 12a and 12b). It is important to note
that the fod™ ligand has several strong electron withdrawing groups (—CF3) that increase

the ionic degree of the ligand. The consequence is a stronger interaction with the metal,

which induces higher Lewis acidity character to the lanthanide ion.
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Figure 12 a) Emission spectra between 520 nm and 570 nm of [Comim][Tb(fod)4] in
the solid state upon excitation at 340 nm. b) A=-0.0337T+ 2.81 (R?>=0.994) * emission

band at 548 nm.

Crystallographic studies

The crystallographic studies of [Comim][Tb(fod)4] did not allow us to fully elucidate the
crystal structure. Even high-quality SCXRD data (obtained from several crystals from
different batches) proved to be very challenging due to at least two factors — heavy
disorder of the fod ligands around the metal centres and the microstructure of the crystals.
All crystals were found to delaminate easily when minor external pressure was applied
along a specific direction as a possible consequence of a weak connectivity between the
fluorine-containing groups. This is in line with the frequently observed segregation of the
-CF3 groups in THoN salts. Nonetheless, we were able to reach some important
conclusions.

[Comim][Tb(fod)s] crystallizes in the orthorhombic space group Pna2l (#33) with the
following unit cell parameters a = 44.30 A, b = 10.35 A and ¢ = 25.94 A showing

negligible variation for all tested crystals from different batches.
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The asymmetric unit contains two [Comim]" cations and two discrete anionic [Tb(fod)s]
complexes, with each terbium cation coordinated to four highly disordered fod™ linkers to
give arelatively ordered {TbOs} square antiprismatic coordination sphere, as depicted in
Figure S5 (please note: though the linkers were found to be disordered, the coordinating
oxygen atoms were modelled at fixed positions with no apparent structural disorder)
Some solvent molecules are probably present in what otherwise would be voids in the
structure. The disordered fod linkers occupy at least four different positions. The analysis
of the O--O distances revealed two interesting aspects — they are a few % shorter in the
planes normal to the local pseudo-21 axis compared with those along the axis and they
show no clear segregation in these planes. This suggests that the fod™ disorder may be
crystallographically limited to the 180° rotation of the carbon chain around the same two
coordinated O positions plus 90° rotation involving of the neighbouring O positions

(totally four in-plane options).

Conclusions

Lanthanide-based thermometers are essentially dual-center, based on the Tb' and Eu'!

emission intensity ratio: °Ds —Fs (Tb™) and Do—"F, (Eu'l).
The advantage of this new molecular temperature sensor is the use of an extremely low

amount of Eu'!

complex, which allows naked-eye detection of discrete temperature
changes around ambient temperatures.

We were able to identify three different linear thermometric regimes for the
[Comim][Tb(fod)4]o.99985.[ Comim][Tb(fod)4]o.00015 complex mixture, with very different
and relevant relative sensitivities. This molecular temperature sensor is highly sensitive

over the physiological temperature range (35-45 °C) with a relative sensitivity of 5.5% C

"at 36 °C.
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We predict that fine-tuning the Tb"/Eu™ mixture by doping with slightly higher

concentrations of Eu!

complex will yield very interesting results in the 0-25 °C range,
which foresees important applications at an industrial level.

A semi-transparent luminescent film of PMMA was successfully prepared by
incorporation of 10% of the studied Tb/Eu complex mixture. Notably, this molecular
plastic material presented a two-fold increase in the luminescent quantum yield compared
with the lanthanide complex mixture. More interesting is the observed thermochromism:
a small variation of only 5 °C, from 25 to 30 °C, allows the colours emitted by the
functionalized material to change from green to yellow and then to a white tone at only
35 °C. Finally, at temperatures higher than 55 °C the red emission from Eu' dominates
with different tones of red/pink until 70 °C. This optically active film foresees interesting
applications in photovoltaic science. Future research demands the evaluation of these

films in the co-sensitization of Dye Sensitized Solar Cells as a means of extending the

light harvesting efficiency.

Experimental Section

General

Reagent grade chemicals were obtained from Aldrich and used without further
purification.

Microanalyses for C and H were carried out using a Thermo Finnigan-CE Instruments
Flash EA 1112 CHNS series. FT-IR spectra (range 4000— 400 cm@1) were collected as
KBr pellets (Sigma-Aldrich, FT-IR grade) using a Thermo Scientific Nicolet iS50 FT-IR

spectrometer, by averaging 64 scans at a maximum resolution of 4 cm@]1. Analysis of
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the heated sample was performed by heating initially 1 in an oven and then preparing the
KBr pellet, ensuring that the pellet had a purple colour during acquisition of the FT-IR
spectra. TGA curves were obtained using a Thermal Analysis Ta Q500-2207, with a
scanning rate of 10 °C min™' for 1, with samples weighing around 8 mg in aluminium
crucibles. The calibration of the TGA equipment was made by following the
recommendation described in the manufacturer’s manual.

Luminescence spectra were measured by using a SPEX Fluorolog-3 Model FL3-22
spectrofluorimeter, with 0.5 nm slits and a measurement step of 0.1 nm. The excitation
wavelength was 350 nm.

Luminescence quantum efficiencies were measured by the absolute method with an
Integrated Sphere.**! All spectra are corrected with correction functions provided by the
supplier by following standard procedures.

Lifetime measurements were carried out in a Jobin Yvon FluoroLog fluorescence
spectrometer with a pulsed xenon lamp with full-width at half-maximum of 3 ps. Decays
were collected with an integration time of 250 ps and with increasing delays, with an
initial delay of 50 pus to remove any interference from the lamp. Temperatures were kept
constant during measurements using a Wavelength Electronics LFI-3751 Thermoelectric
Temperature Controller, with a minimum 1 min K™! waiting time during heating ramps.
Emission decays were obtained with spectral resolution of 5 nm, with a perpendicular
geometry relative to the laser excitation, using 50 lamp pulses for each delay.
Luminescence decay traces at each wavelength were analysed using least-squares fittings
of the experimental data, using Solver from Microsoft Excel.

The luminescence of 1@PMMA with increasing temperature was monitored using an
optical fiber focusing on a small amount of sample while heating over a thermostatic

heating plate (Argolab).l*!l The temperature range was from 25 to 100 °C.
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The mass spectra were acquired on a LCQ Fleet ion trap mass spectrometer equipped
with an ESI ion source (Thermo Scientific TM) operated in the ESI positive and negative
ion modes and using the following optimized parameters: ion spray voltage, 4.5 kV;
capillary voltage, 16/@18 V; tube lens offset, @70/58 V; sheath gas (N2), 40 arbitrary
units; auxiliary gas (N2), 20 arbitrary units; capillary temperature, 300 °C. Spectra
typically correspond with the average of 20-35 scans and were recorded in the range 70—
1500 Da. Data acquisition and data processing were done with Thermo Xcalibur 2.3
software.

Several plate-like crystals were inspected and isolated using a Stemi 2000
stereomicroscope equipped with Carl Zeiss lenses. This allowed the identification of large
colourless plates which were investigated using single-crystal X-ray diffraction. Crystals
were selected manually and harvested from the batch samples and mounted on glass
fibers. Preliminary X-ray diffraction data were collected at 160(2) K on an Oxford
Diffraction SuperNova, dual radiation diffractometer using a Cu Ko microsource tube (A
=1.540598 A), an Atlas CCD detector, and an Oxford Instruments Cryostream XL Series

low temperature device.

Synthetic procedures

The solid white complex was prepared according to a previously reported procedure
adequately adapted for the correspondent terbium analogue.[*!]

[Comim][Tb(fod)4]: 4.1 eq. of NaOH (0.176 g, 2.196 mmol, 50% w/w aqueous solution)
were added to an ethanol solution of 4.1 eq. of Hfod (0.650 g, 2.196 mmol) and left
stirring for 2 h. 1 eq. of TbCl3-6H>0 (0.200 g, 0.536 mmol) was then added to the reaction

mixture and the resulting solution left stirring for 2 h followed by the addition 1 eq. of 1-
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ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4, 0.110 g, 0.558 mmol). After 1
h the solvent was removed under low pressure and the resulting solid was extracted with
CH>Cl>. NaCl was removed by filtration and the pure compound was recovered as a white
powder after solvent evaporation, at ambient temperature with a yield of ca. 80 %. Anal.
Calcd. for [CsH11N2][Tb(C10H1002F7)4]: C, 38.08; H, 3.54; N, 1.93%. Experimental; C,
38.26; H, 3.66; N, 1.80%.

ESI/MS: m/z 1339.1 [Tb(C1oH1002F7)4]" (Figure S2)

The FTIR spectrum of [Comim][Tb(fod)s4] at 20 °C presents a broad band around 3420
cm’!, absent after heating at 150°C, characteristic of the bending vibrations of H-O-H
from the water adsorbed in the tablet during preparation (Figures S3 and S4). Medium
intensity bands appear in the ranges 3000-3200 cm™ and 2860-3000 cm™! and are ascribed
to the symmetric and asymmetric stretching vibrational modes of the C-H bonds in the
alkyl groups of the ligand (fod") and counter-ion (Comim), respectively. The very strong
band around 1628 cm™! is due to the C-O bonds, the band at 1575 cm’! is assigned to the
—C-O stretching mode of the fod™ ligands and the band at 1509 cm™ is typical of the
alkene C-C bonds. The bands in the ranges 600—-1200 cm™ and 800-970 cm™! are due to
the stretching modes of the C—C and C—F bonds, respectively. Similar observations were
obtained with the Eu analogue, [Camim][Eu(fod)4];!*¥ heating does not affect the infrared
profile of the [Comim][Tb(fod)4], but unlike the former, there is no discernible broadening
of the peaks associated with increased motion of adjacent atoms, which might indicate a

more rigid structure (Figure S3).

[Comim][Tb(fod)4]0.99985:[ Comim][Eu(fod)s4]o.00015) (1) Solutions of [Comim][Tb(fod)4]
and [Camim][Eu(fod)s] in CH2Cl, were mixed according in the studied Tb"/Eu'" ratio

(0.99985:0.00015). The solvent was removed under reduced pressure. The homogeneity
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of the mixture of complexes was confirmed by analysis of the emission spectra at different
points within the powder.

l@PMMA: 10% (w/w) of 1 was dissolved in CH>Cl, and added to a solution of PMMA
in tetrahydrofuran. The resulting homogeneous solution was spread on a glass Petri dish
and the solvent was allowed to evaporate slowly.[** Attempts to remove the film from
the glass were unsuccessful due to the brittle character of the material.

Both solid complexes and 1[@PMMA presented stability for several months and as
suspensions under very weak basic and acid conditions.

The FTIR spectrum of 1@PMMA at 20 °C and 150 °C presents the same vibration bands,
although with different intensities (Figure S4).

The crystal structure of [Comim][Tb(fod)s] was tentatively solved using the dual space
algorithm implemented in SHELXT-2014, which allowed the immediate location of all
of the heaviest atoms composing the coordination sphere of the complexes. Due to the
high level of disorder of the fod™ linkers, the remaining modelling and refinement of the
two complexes present in the asymmetric unit was impossible. The obtained results are
presented in the supplementary information file, including a schematic representation of

the molecule (Figure S5).
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