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1. Introduction

During these last decades, the technology of the information has been growing up
considerably, since the first digital-programmable computer was developed®. Computers
and related systems have become more efficient and smaller because of the scaling
shrinkage of the silicon-based components over a relatively short period of time.
Nevertheless, there is a general interest to become computers even smarter and powerful
and the only way to achieve such purpose, is designing a miniaturised scale of the
computer circuit components?. Classical miniaturisation of computer with silicon-based
components, eventually is reaching it limits, in terms of physical limitations® and high
economical costs*. In this sense, it is when molecular logic gates come into consideration,
allowing the integration of self-assembly molecular technology whose dimensions are in
the order of atom sizes®. From their discovery in 1993 by Silva et.al., some many other
works regarding molecular logic gates and some applications developed by the same
group have been published” 1,

Molecular logic gates allow the implementation of biological entities, for instance,
supramolecules, organic molecules, proteins, DNA and even polymers used as input
signals to mimic the logical functions of a certain semiconductor-based electronic
device!?®, The output signal is the fluorescence light, whose detection does not need any
contact with the probe, which is interesting from the point of view of sensing and
detection. In recent years, increasing attention has been paid to the development of
molecular logic gates based on that converts chemical information (anions and/or cations
detection) into fluorescent signals**"8, For example, a naphthalene-quinoline based
chemical sensor in which fluorescence and absorbance-ratiometric as optical outputs were
used for the AI%* detection,® responsible of some diseases in humans, when its presence
is abundant. As this example, some other works focused on this have been reported in
recent years.

Interesting are, and relatively recent, those molecular logic gates in which the optical
outputs come from lanthanide luminescence. The use of lanthanide ions as luminescent
reporters in such devices is particularly attractive as ions such as Eu®*, Th®*, Nd** or Yb®*
emit at long wavelengths, with characteristic line-like emission bands and long-lived
excited state lifetimes, also employed in luminescent sensing, overcoming the
autofluorescence and light dispersion from biological media?®28,

More recently, lanthanide metalorganic frameworks (LnMOFs) have attracted
considerably the attention for chemical detection due to the combination of intrinsic



luminescence features and intrinsic porosity of MOFs. In addition, chemical sensors
based on LnMOFs have been widely researched for the detection of metal anions and
cations, temperatures, pH values and even small molecules?*3*. Due to these sensing
capabilities, the application of such materials as molecular logic gates have been studied
and reported by Xu et al.* in whose work, fluorescence material- Eu>* @UMOFs has been
developed for effective combination of ions (Hg?*, Ag+, and S*) detection and logic
computing, leading to a molecular logic gate, particularly useful in environmental
monitoring due to the nature of the chemical inputs.

More interesting and less explored are those molecular logic gates that involves physical
inputs, reported by M. Rodrigues et al.*. Such work, the authors show the application of
a Eu®*-Tb®" based -self-assembled polymer monolayer functionalized Si surface (SAM)
as an optically active molecular demultiplexer, whose both inputs (excitation wavelength
and temperature) and outputs (ratiometric thermometric parameters of two different
regimes, due to the bistability behaviour with the temperature of this system) are physical,
being the first one reported in the literature.

2. Results and discussion

Monocrystalline silicon wafers were used as substrates for thermometric SAM deposition
as previously described”™ In a first step a layer of SiO, was deposited by plasma-
enhanced chemical vapor deposition (PECVD). The SiO2 surface is activated by
treatment with UV/ozone to generate —OH groups and amine modified with APTES by
vapor deposition at low pressure. Then, acetoacetyl polyethylenglycol acrylate
(acacPEGA) polymer chains are attached to the amine-modified surface by a Michael
addition of the acrylate groups onto the surface amine. Finally, thermometric
luminescence probes consisting on Eu®* and Tb3* lanthanide complexes are anchored to
the surface by quelation of Ln®*"(DPA), molecules with the keto-ester acac terminal
groups. The length of the PEG polymer spacer was varied from 100 to 3000 kD.

2.1 Temperature dependent luminescence

The self-assembled monolayer (SAM) of polymer functionalized Si surface doped with
Th*-Eu®* with the longest organic chain to the shortest one (Z6D1, Z3D1 and Z1D1,
respectively) were selected to perform the ratiometric characterization.

The excitation spectra at ambient conditions of the Z6D1 sample, monitoring the °Ds —
Fs (Tb®") and the °Do — "F2 (Eu®") transitions respectively, are shown in Figure 3a. An

intense broad band is observed in both spectra (250-290 nm), mostly associated to the



DPA ligand excited single states 2%’ Since both excitation spectra are similar and no
intra 4f8 transitions lines were observed, then it can be neglected the energy transfer from
of Th**-to-Eu* and the deactivation channels are mainly regulated by the ligand.

The emission spectra in a single heating-cooling cycle from 295 K up to 369 K exciting
at 271.5 nm of Z6D1 sample are shown in Figure 3b. As the temperature increases, the
integrated emission areas associated to the °Ds — ‘Fs (Tb%") and °Dy — 'F. (Eu®)
transitions decrease (see Figure 3c). However, this decrease rate of the integrated
emission areas is not homogeneous in the sense that the relative intensity decrease is
notably higher in the emission band associated to the °Ds — “F4 (indexed as 11) transition
compared to the one related to the Do — ’F» transition (identified as I2). Another aspect
to mention from the temperature evolution of emission spectra, is that during the cooling
process the resolution of the emission bands associated to the Do — ’F2 (Eu®*) and °Ds4
— 'F4 (Tb®) transitions are clearly higher than the ones during the heating ramp,
suggesting a possible distortion of the local symmetry (lower symmetry configuration
during cooling process in the sample) of the ions environment, leading to the total
breakdown of the degeneracy of the 25*1L; multiplets of the free Eu®* and Th3* ions,
resulting in 2J+1 Stark levels. This behaviour with temperature can be also observed in
samples with larger organic changes, i.e. Z3D1 and Z1D1 (for simplicity, not shown
here). The energy of the triple state of the DPA ligand is around of 27050 cm™ 3839,
preventing the °D4 -to-ligand and °Do-to ligand energy back-transfer which is the main
responsible of the luminescence quenching, as often happens in other Th®* /Eu*-based
molecular optical temperature sensors®.

Probably the most interesting feature of the temperature dependent luminescence, is that
it depends on the temperature change induced in the surface. Heating up from 295 K to
369 K, the 11 and I, integrated areas decrease 70% and 30%, respectively, relatively to the
values at 295 K. During the cooling stage, the values of the intensities are not recovered
at all compared to the initial values*, showing a clearly hysteretic behaviour with
temperature.

The relationship between 11 and I> can be used as a ratiometric thermometric parameter
in order to know the surface temperature of the SAM samples, during the heating and/or
cooling stages. Such parameter is defined as A = 11/l>. The temperature evolution of this
parameter in a single heating-cooling cycle for three SAM samples with different organic

chain lengths, from the longest one (Z1D1) to shortest one (Z6D1) is shown in Figure 4.



From this figure, it is clear that the implementation of the lanthanide complex
thermometric system on this type of SAM leads to a very different behaviour in the
thermometric process compared to other Eu**/Tb3*-based thermometric systems, 38404243
because such behaviour is related to thermal induced change in the surface, being a
recurrent trend in all samples. During the heating stage from 295 K up to 369 K, A in all
samples shows a linear decrease with temperature, probably due to the activation of
nonradiative decay pathways involving the acacPEGA organic chains, depopulating the
D, and °Do emitting levels respectively. However, during the cooling ramp a double
behaviour in A can be observed, and the temperature in which this happens is practically
the same for all samples (around 313 K), indicating that this behaviour does not depend
on the organic chain length, and the presence of this double behaviour with temperature
confirms the bistability of these samples.

Regarding systems showing bistability behaviour, many examples of luminescent
lanthanide-based materials can be found in the literature with such behaviour***®, and
some cases it can be related to higher power densities used plus the energy transfer
processes that can happen between lanthanide ions, such as back transfer from Yb** to
Nd3* ions in NdPO4 matrix 6. Nevertheless, the samples of the present work were excited
using very low power densities, so the thermal gradients induced within the samples were
negligible. In addition, as it mentioned above there is no evidence of energy transfer from
Th® to Eu®* ions and, thus the bistability can be directly associated to structural changes
in the acacPEGA organic chains.

Linear equations were well fitted to the experimental data of A. From the fitting process,
the relative sensitivity (Srer) was estimated for each sample and for both heating and

cooling stages according to the equation:

1104
_1 1
Sr A|6T (1)

During the heating process it is clear to see that the SreL not only depends on the
temperature (increases as the temperature increases) but also on the organic chain length,
being the maximum values of Sge. at 369 K, (Figure 4b) 2.84% K™, (Figure 4d) 2.73%
K and (Figure 4f) 2.27% K with temperature uncertainties, 67, around of 0.1-0.3 K
(Figure 5) from the longest to the shortest organic chain length, respectively, calculated

according to the following equation:



T = 124 (2)
S, A

These thermal SreL are very high compared to others Ln-based optical sensors (see Table
1), suggesting the application of such materials as optical sensors working at high
temperatures and even within the physiological range of temperatures (303 K — 320 K).
Concerning the cooling process, the samples show very low Sgrec in the range between
369 K to 313 K (regime 1), while in the range from 313 K to 296 K (regime 2), SreL are
incredible high, whose maximum values are 4.75 % K, 4.5% K™ and 2.6% K™ for Z1D1,
Z3D1 and Z6D1 respectively. However, these SreL during the cooling process are time-
dependant due to the bistability, especially in regime 2 because the organic chains trend
to recover their original configuration in long time periods*.
2.2 Surface structure characterization
2.2.1 XPS Characterization
Samples were analysed in two different steps of the fabrication process, before and after
the formation of the lanthanide complex.
XPS surfaces after reaction with acacPEGA (figure 1) show C 1s region that can be fitted
into four main peaks, at 285.0 eV (C-C, calibration), +1.7(1) eV, +3.2(1) eV and +4.2(1)
eV that correspond to the four oxidation states of C in acacPEGA structure (C-C, C-0O,
O-C-0/C=0 and O-C=0 respectively) C-C peak has been fitted using two peaks in some
samples in order to mathematically optimize the fitting (It could be explained due to effect
of second order neighbours).
There is a remarkable difference in the intensity of C-O peak depending on the length of
the organic chain. It should be expected a continuous decrease of C-O signal with the
shortening of the organic chain. However the maximum of C-O signal does not occur in
Z1A and Z1C but in Z3A and Z3CL1. C-O represents about 50% of C 1s signal in Z3A /
Z3C and about 30% in Z1A/Z1C and Z6A/Z6C which suggest that the functionalization
process is less effective in case of long organic chains. These results are reproduced using
a bigger series of different organic chain lengths (supporting info? Z1B, Z1B, Z1B, Z1B,
Z1B and Z1B). The result is also corroborated by a lower concentration of Eu and Th
after the anchoring process of the lanthanide complexes in case of larger organic chains

(Supporting info)



The incorporation of lanthanides (Eu and Tb) into the coating was also confirmed by XPS
that showed the presence of both elements after the anchoring process of the lanthanide
R-keroester complexes (Figure 2). Eu 3d and Th 3d are the most intense core levels in
photoemission spectra. The oxidation state of Eu and Tb in these systems has been
discussed before.® It is not possible to unequivocally determine the oxidation state of this
elements from the XPS experiment but it is worth to notice the different behaviour
observed depending on the length of the organic chain (Figure 2 Insert). Eu 3d presents
the expected spin orbit splitting 3ds2 and 3ds2 . Eu 3ds/2 region presents two main peaks
at about 1225 eV and 1235 eV and Eu 3dz at about 1255 and 1265 eV. The peaks at
about 1225eV (3dsz) and 1255 eV (3dsp) are assigned to Eu?* and the ones at 1235 eV
(3ds2) and 1265 eV(3ds2) to Eud*. However it is also reported that Eu?* may present
shake up signals at the expected position of Eu* and the reverse for shake down process
of Eu®. In any case it is observed that the ratio of mixed valence state or the shake
up/down processes are affected by the organic chain length.

Spectra of series B and D, fabricated using 48h instead of 24h reaction times between
polymer and surface amines, respectively, are equivalent indicating that this factor has
little influence in the structure of the coating.

2.2.2. FESEM and AFM Characterization

FESEM analysis of thermometric surfaces (Fig. S1) shows a very smooth surface and a
uniform chemical composition in those samples with medium and small spacer PEG
polymer length, whereas that of the sample with the longest polymer length shows some
degree of granulation and chemical heterogeneity.

AFM analysis (Fig. S2) shows a clear increase of the surface roughness on the
thermometric functionalized samples with respect to amine-modified samples. However,
it does not show any change on the surface topography when the temperature is increased
from RT to 60 °C (Figs. S3-5).

2.2 Molecular logic gate

Due to the bistability behaviour of these samples with temperature, their possible
application as molecular logic gate is discussed in this section. As it is known, molecular
logic gates, the molecules mimic the well-known logical functions of a certain
semiconductor-based electronic device. Unlike, the classical electronic devices,
molecular logic gates allow the implementation of biological entities, for example, cells.
The output signal is the fluorescence light, whose detection does not need any contact



with the probe. Many works focused on this issue have been reported, for instance logic
gates that convert chemical information into fluorescent signals which have attracted
much attention in recent years 822, More interesting and less explored are those
molecular logic gates that involves physical inputs, such as the excitation wavelength and
temperature ¢,

The Tb®* / Eu** -based SAM studied in this work can be employed for the construction of
optically active molecular logic gates, with both physical inputs and outputs. In this sense,
the three inputs of these molecular logic gates are the excitation wavelength (Aexc), the
temperature (T) whose value can be lower or higher than the temperature at which the
regime change occurs in the cooling phase (Tc = 313 K) and finally, the thermal gradient
(AT) that will indicate whether the samples are being heated or cooled from 295 K up to
369 K in heating-cooling cycles. While the outputs are the relative sensitivities during the
heating regime (Sre.”) and the two ones associated with cooling (Srer® and SreL®, when
T>Tc and T<Tc respectively) regimes.

When the input associated to Aexc takes the value O, there is no emission and therefore
the outputs take the value 0. When the physical input of the excitation takes the value 1,
and the rest of the physical inputs take the value 0, then the SreL® output takes the value
1, which would be the relative sensitivity associated with regime 2 of the cooling stage.
If under the same conditions, the physical input T takes the value 1 (T>Tc), then the
output Sre® is 1, being the value of the relative sensitivity in the cooling regime 1. As
soon as the inputs AT and T take the value 1 (heating) and 0 (T<Tc) respectively, then
the Srel” output takes the value 1, representing the values of the sensitivity during the
heating stage at temperatures below Tc. The last case would be both AT and T taking the
value 1 (heating and T>Tc) then, Sre.” takes the value 1, being the values of the relative
sensitivity during the heating stage at temperatures above Tc. It is important to mention
that the logical function is valid for all the samples studied in this work, and the only
difference between them are the SgeL values which also depend on the length of the

organic chain.

3. EXPERIMENTAL SECTION

3.1 Materials

Europium(l1l) chloride hexahydrate (EuClz (H20)e, 99.9%), Terbium(lll) chloride
hexahydrate (TbCls (H20)s, 99.9%), 2,6-Pyridinedicarboxylic acid (DPA, 99%), tert-
butyl acetoacetate, (3-Aminopropyl) triethoxysilane (APTES), Diethyleneglycol (DEG),



Poly(ethylene glycols) (PEG200, Mn: 200 PEG400, Mn: 400 Da; PEG600, Mn: 600 Da;
PEG1000, Mn: 1000 Da, PEG300, Mn: 3000 Da), N,N-dimethylaniline (DMA) and
acryloyl chloride (97%) were purchased from Aldrich and used as received.

3.2 Synthesis of polymers

The synthesis of the B-ketoester polyethylene glycol acrylates (acacPEGA [2]) was
carried out in a two-step process according to the synthetic route shown in scheme S1. In
a first step the B-ketoester group was introduced by a transesterification reaction between
tert-butyl acetoacetate and commercial polyethylenglycol diols. Pure mono [B-ketoester
polyethylene glycols (acacPEG) were obtained by an extraction/fractionation method.
The final polymers were obtained by reaction of the terminal hydroxyl groups of the pure
mono acacPEG derivatives [1] with acryloyl chloride in the presence of DMA as HCI
scavenger. The presence of the functional groups was confirmed by FTIR spectroscopy.
(S3a-b).

3.2.1 Synthesis of Polyethylene glycols acetoacetate derivatives [1-6a]

A mixture of PEG (50 mmol) and tert-butyl acetoacetate (10.4 mL, 62.5 mmol) was
heated at 60°C and stirred for 60-72 hours. Distilled water was added to the reaction
mixture (3 mL per gram of starting amount of PEG) and the aqueous solution was
extracted twice with diethyl ether. The organic phase was discarded and the aqueous
phase was fractional extracted with a mixture of dichlomethane/n-hexane (3:1), each
fraction was dried over magnesium sulfate, concentrated under vacuum and purity
analyzed by mass spectroscopy. Fractions with a small percent of di-p-ketoester or diols
derivatives were combined and purified again following the same solvent extraction
procedure. The absence of diol or di-p-ketoester impurities was confirmed by ESI-MS
[6a] and MALDI-TOF MS [1-5a]. Figure S2 shows the mass spectrum of pure acacPEG
[1-6a] and their corresponding acacPEGA [1-6b].

3.2.2 Synthesis of acetoacetyl polyethylenglycol acrylate (acacPEGA)

To a solution of the corresponding acacPEG [1] (5mmol) in anhydrous THF (25 mL)
cooled in an ice-water bath and DMA (0.7 mL, 5.5 mmol) and acryloyl chloride (0.46
mL, 5.5 mmol) were added were dropwise were added consecutively under argon
atmosphere. The mixture was stirred for 48 hours at room temperature. Solvent was
removed under pressure in a rotatory evaporator after adding a few grains of radical
inhibitor BHT. The crude was dissolved in chloroform and the organic phase was washed
with hydrochloric acid 2N, distilled water and brine, dried over magnesium sulphate and
solvent evaporated under reduced pressure. Low molecular weight derivatives [3-6b]



were purified by dissolving in diethyl ether and precipitate in col n-hexane while derivates
with higher molecular weight [1-2b] were dissolved in dichloromethane and precipitated
in cold ether. Purity were checked by MS (See Figure S2) and NMR spectroscopy (SI
file). Molecular weight of the purified monomers were determined from the *H-NMR
signals

The purity of the derivatives was checked after each step by *H-NMR and Maldi-toff or
ESI mass spectroscopy. Monomodal distributions were observed for almost all the
compounds, [M + Na]" ions of the mono B-ketoesters were clearly observed whereas no
signal of the diol, di B-ketoesters or diacrylate derivatives (Figures S2a-f) except for the
PEG200 derivatives. In this case a small fraction of the diketoester derivate (5%) was
detected. The final compound was used without further purification as this byproduct
cannot react with the activated surfaces. The presence of the functional groups was

confirmed by FTIR spectroscopy. (S3a-b)

3.3 Production of Functionalized Si surfaces

The procedure to coat the silicon surfaces with the thermometric probes has been
described in a previous report.3®

Briefly, P-type monocrystalline Si wafers (Okmetic) were coated with a SiO> layer of
1083.0 £ 11.3 nm thickness by Plasma-Enhanced Chemical VVapor Deposition (PECVD)
of TEOS (tetraethylorthosilicate) at 380°C, and a pressure of 1000 mTorr.

The wafers were cut into 1x1 cm? pieces, and the surface was activated by ozone
treatment in an UVO-cleaner Model 342 (Jelight Company Inc., USA) during 10 minutes.
Then, they were coated with (3-aminopropyl)triethoxysilane (APTES) by vapor
deposition in a desiccator in vacuum, at 80°C, during 3 hours. Then, the samples were
washed with acetone, dried under nitrogen, and cured on an oven at 50—60 °C for 20
minutes.

PEG polymer chains were grafted by Michael reaction of acrylate terminal groups with
surface amine groups in water at pH = 8.5, at 60 °C. Two series of samples were prepared,
B and D, with Michael reaction times 24h and 48h, respectively.

Th® and Eu®* ions in a 3.23 molar ratio were attached by coordination to the acac polymer
terminal groups at pH = 6.7 during 3 hours. Then, the lanthanide complexes were
completed by addition of DPA and reaction overnight. The surfaces were then thoroughly

washed with distilled water and dried under nitrogen.



Six samples in each series were prepared using acacPEGA polymers with different PEG
chain length, namely: 3000 (Sample Z6(B and D)), 1000 (Sample Z5(B and D)), 600
(Sample Z4(B and D)), 400 (Sample Z3(B and D)), 200 (Sample Z2(B and D)), 100
(Sample Z1(B and D)).

3.4 Methods

3.4.1 Chemical characterization

The molecular structure and purity of all the polyethylene glycol derivatives was
confirmed by Nuclear magnetic resonance (NMR), Mass spectroscopy (MS) and Infrared
spectroscopy (IR). Proton (*H) and carbon (*3C) NMR spectra were recorded at room
temperature solvent in a BRUKER AV-400 spectrometer (400 MHz (*H), 100 MHz (33C))
using CDCls as solvent. *H and 3C chemical shifts (3) are reported in ppm and are
referenced to the solvent peak (CDClz: 6H = 7.26 ppm, 8C = 77.00 ppm), the coupling
constants (J) are given in Hz. Signals were assigned by first-order analysis and the
assignments were supported by two-dimensional *H-3C HSQC experiments. Purity was
checked by MALDI TOF mass spectroscopy using dithranol (DTH) as matrix and sodium
trifluoroacetate (NaTFA) as cationization agent in a BrukerMicroFlex spectrometer. ESI-
MS spectra for the diethylenglycol based derivatives were recorded on an Esquire 3000
plus instrument from Bruker Daltonics (S2a-f). FT-IR spectra were recorded in a Perkin
Elmer Spectrum 100 FT-IR spectrometer equipped with a Universal ATR sampling
accessory. The spectra were collected over the range 4000-380cm™ and ATR correction
(S3 a-h).

3.4.2 Surface characterization

AFM and FESEM. Atomic force microscopy (AFM) and field emission scanning electron
microscopy (FESEM) were carried out, respectively, in a Ntegra Aura (NT-MDT)
equipment and in a Carl Zeiss MERLIN™ microscope.

XPS. The X-ray photoelectron spectroscopy (XPS) analysis was carried out using a
Kratos Axis Ultra spectrometer employing a monochromatic Al K, (1486,6 eV)10 mA,
15 kV) X-ray source and a power of 150 W. All samples were introduced in the analysis
chamber simultaneously and were analysed in the same experimental conditions. In order
to avoid any induced effect in the chemistry of the samples, they were analysed as
received without any previous etching. Differential surface charging was minimized
using a charge neutralizer system (flood gun). Survey spectra were recorded using
analyser pass energy of 160 eV and 1.0 eV energy step. High resolution spectra of C 1s,
O 1s, N 1s, Si 2p, Eu 3d and Tb 3d regions were collected using pass energy of 20 eV 0.1



eV energy step. The spectra were analysed using CasaXPS® software. The background
for all spectra was subtracted using a Shirley baseline. Due to the use of charge
neutralizer, spectra need to be calibrated. Binding Energies (B.E.) were referenced to the
C 1s (C-C) peak at 285.0 eV.

Photoluminescence and Temperature Control: The emission spectra were recorded with
a modular double grating excitation spectrofluorimeter with a TRIAX 320 emission
monochromator (Fluorolog-3, Horiba Scientific) coupled to a R928 Hamamatsu
photomultiplier, using a front face configuration. A 450 W Xe arc lamp was used as the
excitation source. Both recorded emission and excitation spectra were corrected with the
spectrofluorimeter optical spectral response and the spectral distribution of the lamp
intensity using a photodiode reference detector respectively. On the other hand, the
temperature was controlled using an IES-RD31 controller and a Kapton thermofoil heater
from Minco mounted on a copper holder and monitored using a thermo-couple
thermometer Barnant 100 (model 600-2820) with an accuracy of 0.1 K, accordingly to
the manufacturer. The temperature ramp in the heating—cooling cycles is about 0.25 K

min 1.
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Figure 1. (a) Schematic diagram of Si surface functionalization with thermometric SAM
showing the activation and functionalization steps. (b) Structural formula of the Si surface
functionalization with thermometric SAM (c) Schematic representation of samples S1,
S2 and S3.
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Figure 2. XPS spectra of the C 1s region in samples Z1A (a), Z3A (b), Z6A (c),Z1C (d),
Z3C (e) and Z6C (f). Expected oxidation states for Carbon in acacPEGA are identified:
C-C (pink & black), C-O (cyan), O-C-O/C=0 (red) and O-C=0 (blue).

Remarkable differences are found in C-O signal depending on the length of acacPEGA
chain, (Z1A/Z1D longest, Z3A/Z3D middle lenght and Z6 A/Z6D shortest). Series B and

D show the same behavior.
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Figure 3. XPS wide spectra for sample Z3A (black) and Z3B (red), before and after

anchoring the Ln3* complexes respectively. The insert shows the evolution of Eu 3d core
level with the length of the acacPEGA organic chain Z1B (a), Z2B (b) and Z3B (c).
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Figure 4. a) Excitation spectra of the self-assembled monolayer (SAM) of polymer
functionalized Si surface doped with Th3"-Eu®* with the shortest organic chain (Z6D1) at
295 K, monitoring the °Ds — “Fs (Th*") and °Do — “F2 (Eu®") transitions, respectively.
b) Emission spectra in a single heating-cooling cycle from 295 K up to 369 K exciting at
271.5 nm. The transitions assigned the Th%" and Eu®* ions are presented in green and
orange colours respectively, the asterisk marks the spectral region where an overlap
between the Th** transition °Ds — "F4 and Eu®* transitions °Do — Fo1 is observed. c)

Integrated intensity area of the °Ds — 'F4 (Tb*") (top) and Do — 'F2 (Eu®*) (bottom)



transitions in a single heating—cooling cycle between 295 K up to 369 K, obtained from
the emission spectra under 271.5 nm excitation.
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Figure 5. Temperature evolution of the thermometric parameter A (defined as 11/l2, where
I; and I are the integrated intensity areas of the emission bands associated to the °Ds —
Fs (Th*) and °Do — "F» (Eu®") transitions, respectively from 295 K up to 369 K in a
single heating—cooling cycle (symbols, blue open symbols represent regime 2) for the
samples with the (a) longest, (c) organic chain middle one and (e) shortest one (Z1D1,
Z3D1, Z6D1, respectively). The relative sensitivities, SreL are also given for the samples
with the longest organic chain length (Z1D1) to the shortest one (Z6D1).
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Figure 5. Temperature uncertainty (67) as a function of the temperature of the samples.



Table 1 Excitation wavelength (Aexc), transitions involved in the temperature calibration
procedure, temperature range (AT), maximum relative sensitivity (Sm), and temperature
for which it happens (Tw), of different Ln3*-based thermometers involving the °Ds — 'Fs
and °Do — 'F; transitions of Tb** and Eu®" respectively.

. AEXC Sm Twm
Optical sensor (nm) AT (K) %KY (K) Ref.
S1 (former Z1D1) 2715 ggg 2.84 369  Thiswork
S2 (former Z3D1) 2715 ggg 2.73 369  Thiswork
S3 (former Z6D1) 2715 ggg 2.24 369  Thiswork
Na[(Gdo.sEuo.1Tho.1)SiO4] 4835 12-450 2.0 20 ¥
MOF-5; Eu®*-Tb* 325 % 18 473
Tho.957EUo.043cpda 335  40-300 1.77 250
v-F20s@TEOS/APTES:  Eu®*- ) 50
Th* (NP5-1.4) 315 10-325 1.5 315
Eu*-Tb™ functionalized SAM 280 o0 143 323
dppz-vSilica@Eu, Tb 295  10-360 1.32 260 5
MOF: Tb**-Eu®* 296 313- 0.52 313 52

473

NaGdFsYb/Tm@Th/Eu 980 7 049 300
Na[(Gdo.sEuo.1Tho1)SiOx] 4835 10-425 0.3 300 4
Tho7EuosL 322 40-300 0.17 300 54
{Tho.3Eu0.7(p- 100- 55
cam)(Himdc)2-(H20)2}3 * 21t 450 0.11 450

* p-Hz2cam = p-camphoric acid, Hsimdc = 4,5-imidazole dicarboxylic acid (ligands)



Table 2. Truth table for the logic gates on heating (295—-369 K) (cooling from 369 to 295
K)
Entry Input-1  Input-2  Input-3 Output-1  Output-2  Output-3
AExc (T>Te) AT SreL” SreL? SreL®©
(370 (Heating) (Heating  (Cooling  (Cooling
nm) Regime) Regime 1) Regime 2)
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