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such as micro and optoelectronics, micro-
electromechanical machines, memory 
chips, Si-based biological sensors, and 
in the development of microelectronic 
computing. [ 5 ]  Among the wide scope of 
possible surface functionalities, ther-
mometry is probably the most useful, due 
to its high relevance to societal needs. 
Temperature measurements are crucial 
in countless technological and industrial 
developments and in scientifi c research, 
accounting actually for ≈80% of the 
sensor market throughout the world (the 
global market is likely to grow to $6.13 
billion in 2020). [ 6 ]  Moreover, among the 
possible substrates silicon is, by far, the 
most important material for semicon-
ductor devices and integrated circuits 
manufacturing. [ 7,8 ]  The thermal gradi-
ents generated at submicrometer scale by 

the millions of transistors incorporated in modern semicon-
ductor devices (e.g., microprocessors) makes thermometric 
techniques with high-spatial resolution critical in micro- and 
nanoelectronics, particularly in noninvasive off-chip charac-
terization and heat management. [ 9–11 ]  

 There are many examples of functionalized Si-based sur-
faces, usually with the purpose to develop chip-based chemical 
or biological sensors. [ 2,12 ]  However, to the best of our knowl-
edge, there are no precedents in the literature of Si-coating 
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  1.     Introduction 

 Surface functionalization (particularly semiconductor sur-
faces) through direct molecule attachment is a recurrent way 
for endorsing a substrate with additional properties, allowing 
the tailoring of the surface’s chemical, physical, and elec-
tronic properties. [ 1–4 ]  The integration of the functionalities of 
organic molecules into semiconductor-based materials and 
devices has a substantial impact on numerous applications, 
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layers permitting the determination of the temperature near 
the physiological range with submicrometer and subdegree 
resolution, and, thus, it is worthy to develop thermometric coat-
ings for silicon-based devices (especially biochips). [ 13 ]  Although 
IR cameras are commonly used in thermometry, they present the 
following disadvantages: i) limited spatial resolution (>100 µm); 
ii) previous knowledge of the material surface emissivity (that 
is function of wavelength and temperature); iii) considerable 
temperature uncertainty (≈2° at room temperature, accept-
able values only above 318 K), and iv) strong dependence on 
the relative orientation between the camera and the measured 
surface. [ 14,15 ]  Moreover, sometimes it is diffi cult to measure the 
emissivity of metal layers precluding an appropriate tempera-
ture estimation. [ 16 ]  Covering layers for emissivity correction can 
distort the thermal fi eld and could be incompatible with the 
inspected sample. 

 The wisest solution should combine the advantages of non-
contact measurements, even in biological fl uids and in the 
presence of strong electromagnetic fi elds, with high spatial 
and temperature resolutions. One of the most promising tech-
niques is luminescent thermometry that uses the photolumi-
nescence of semi-invasive probes to determine the temperature 
based on changes on the emission intensity, peak position, 
band shape, decay time, or rise time. [ 17–19 ]  Temperature meas-
urements based on intensity changes demand ratiometric (or 
self-referencing) readout. The intensity ratio between two tran-
sitions is not compromised by the well-known disadvantages 
of experiments based on the intensity of only one transition, 
such as the critical dependence on variations of the sensor con-
centration, small material inhomogeneities and optoelectronic 
drifts of the excitation source and detectors, and, thus, are 
much more reliable. [ 17–19 ]  

 The most available and used luminescent probes are based 
on organic dyes; [ 20 ]  however, quantum dots [ 21 ]  are gaining rel-
evance due to the higher photostability and relatively high 
emission quantum yields. Quantum dots are often formed by 
highly cytotoxic elements (e.g., Cd) which diffi cult its future 
use on clinical trials. [ 22,23 ]  Lanthanide-based materials, how-
ever, are versatile, stable, and narrow band emitters with, in 
general, high emission quantum yields (>50%). [ 24 ]  In fact, dif-
ferent emitting centers can cover the entire electromagnetic 
spectrum, ranging from the ultraviolet (e.g., Gd 3+ ) to the IR 
(e.g., Er 3+ , Yb 3+ , Nd 3+ ), thus it is virtually possible to design 
on-demand luminescent probes for a large variety of applica-
tions. [ 25 ]  In the literature, we can fi nd numerous examples of 
temperature measurements using lanthanide-based molecular 
thermometers covering temperatures from the cryogenic to the 
physiological range. [ 26–33 ]  These probes are especially attractive 
as they can be processed as thin or thick fi lms, monoliths or 
nanoparticles, enabling the ratiometric temperature determina-
tion with reported uncertainty in the 0.01 K range. [ 26,34,35 ]  

 Here we report, to the best of our knowledge, the fi rst ratio-
metric luminescent molecular thermometer implemented in 
a self-assembled monolayer (SAM) of polymer functionalized 
Si surface. The functionalization of Si surfaces with lumines-
cent thermometers constitutes a proof-of-concept that foretells 
a wide range of applications in Si-based micro and nanostruc-
tures. The thermometric functionalization of the Si surface with 
Tb 3+  and Eu 3+  complexes lead to a sensitivity up to 1.45% K −1 , 

cycle–recycle reliability of 98.6%, and temperature uncertainty 
less to 0.3 K. Moreover, the system presents reversible bista-
bility opening a new route for study optically active double-
input molecular logical gates using the excitation wavelength 
and the heat transferred to (or from) the system as inputs and 
the dependence on temperature of the thermometric parameter 
as output.  

  2.     Results 

  2.1.     Producing Self-Assembled Monolayers Functionalized with 
Lanthanide β-Ketoester Complexes on a Si Surface 

 Synthesis of precursors is detailed in Section 1 of the Sup-
porting Information. Silicon wafers with three different surface 
coating materials were used for thermometric SAM coating: 
i) monocrystalline Si, ii) SiO 2  deposited by plasma-enhanced 
chemical vapor deposition (PECVD), and iii) polycrystalline Si 
deposited by low-pressure chemical vapor deposition. The pro-
duction of functionalized Si surfaces is detailed in Section 2 of 
the Supporting Information. The thermometric coating is per-
formed in several steps as shown schematically in  Figure    1  a. 
Previously cleaned surfaces were activated by treatment with 
a piranha solution (wet method) [ 36 ]  or UV/ozone (dry method) 
generating surface silanol groups, with similar results (Sup-
plementary Information). Then, the activated substrate was 
reacted with APTES by vapor deposition at low pressure and 
the acetoacetyl polyethylenglycol acrylate (acacPEGA) polymer 
is attached to the amine-modifi ed surface by a Michael addi-
tion of the acrylate onto the amine surface groups. This addi-
tion benefi ts from mild reaction conditions, high functional 
groups tolerance, no by-products, as well as high conversion 
and favorable reaction rates. [ 36 ]  Finally, lanthanide coordination 
compounds are formed with the keto-ester moieties at the end 
of the acacPEGA polymer and the DPA ligands (Figure  1 b). 
The DPA ligand is selected as it is one of the most effective 
sensitizers of Eu 3+  and Tb 3+  luminescence, [ 37 ]  but β-diketone 
ligands [ 38 ]  will also work. 

    2.2.     Characterizing the Self-Assembled Monolayers 

 Several experiments were performed to characterize the func-
tionalization process (Section 3 in the Supporting Information). 
The wettability of the surfaces was analyzed using contact angle 
measurements. Both wet and dry activation processes resulted 
in a good surface wettability indicated by the measured con-
tact angles: 46°, 67°, and 70° for SiO 2 , polycrystalline Si, and 
monocrystalline Si, respectively. After APTES deposition, con-
tact angles increased for all surfaces to values between 91° 
and 95°. Then, after the Michael reaction, the contact angles 
decreased to values around 45° and 56° refl ecting the highly 
hydrophilic character of the PEG chains (Table S5 in the Sup-
porting Information). 

 On the other hand, AFM results ( Figure    2  a; Tables S1–S4 
and Figure S1 in the Supporting Information) show no signifi -
cant changes in roughness after APTES coating, independently 
of the substrate or the activation method, and island formations 
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are not discerned, contrarily to what is frequently founded in 
solution coatings. [ 39 ]  

  A detailed account of XPS analysis along the whole function-
alization process is given in Section 4 in the Supporting Infor-
mation. Analysis of surfaces after wet or dry activation shows 
the presence of Si 0  and SiO 2  (Figure  2 b; Table S2 in the Sup-
porting Information). The spectra of the samples after APTES 
deposition clearly display the N 1s peak (Figure  2 c; Table S2 
in the Supporting Information). The estimated C:N ratio 
(C:N = 9), is higher than that corresponding to a fully poly-
merized APTES (C:N = 3), indicating, probably, the incomplete 
hydrolysis of lateral alkoxides groups. The ratio of free (NH 2 ) 
to protonated (NH 3  + ) amines was estimated to 0.535, from the 
intensity of peaks at 399.7 and 401.6 eV, respectively. [ 40 ]  XPS 
of surfaces after reaction with acacPEGA (Figure  2 d) show 
C 1s spectrum that can be deconvoluted into four main peaks, 
at 284.9 eV (C–C, calibration), +1.6(2) eV, +3.2(2) eV, and 
+4.2(2) eV, that correspond to the four oxidation states of C in 
acacPEGA structure. The incorporation of Tb 3+  and Eu 3+  ions 
into the coating was also confi rmed by XPS that showed also 
the presence of both ions after the anchoring of the lanthanide 
β-ketoester complexes (Figure  2 e,f). A Tb:Eu molar ratio of 2.7 
was estimated from the Tb 3d and Eu 3d spectra, which is close 
to the nominal one (Tb:Eu = 3).  

  2.3.     Temperature-Dependent Photoluminescence 

 The sample with a SiO 2  surface deposited by PECVD, activated 
with plasma, coated with APTES by vapor deposition and with 
acacPEGA in water and, then, functionalized with the Ln-DPA 
(Ln = Eu, Tb) complexes was selected to perform the thermo-
metric characterization ( Figure    3  ). The experimental setup is 
shown in Figure  1 c,d. 

  The room temperature excitation spectra recorded moni-
toring the  5 D 4  → 7 F 5  (Tb 3+ ) and the  5 D 0  → 7 F 2  (Eu 3+ ) transitions 
are dominated by an intense broad band (260−390 nm) ascribed 
to the DPA excited singlet states. [ 37,41 ]  Indeed, in this wavelength 
range the two excitation spectra are identical to that reported for 
free DPA, [ 37,41 ]  including the carbonyl fi ne structure (more evi-
dent in the spectrum monitored in the Tb 3+  transition). There 
is no evidence of Tb 3+ -to-Eu 3+  energy transfer since no intra-4f 8  
lines are discerned in the excitation spectrum monitored on the 
 5 D 0  → 7 F 2  transition (for instance the  7 F 6  → 5 D 4  line at ≈477 nm). 
This is in good agreement with the structural model depicted 
in Figure  1 a in which the Tb 3+  and Eu 3+  coordination sites in 
the functionalized Si surface are well apart making Tb 3+ -to-Eu 3+  
energy transfer highly improbable (there is one Tb 3+  or Eu 3+  
coordinated acacPEGA chain per 6 uncoordinated ones and the 
Tb 3+ : Eu 3+  ratio is 3:1, Supporting Information). 
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 Figure 1.    a) Schematic of the Si surface functionalization with thermometric SAM showing the activation step, the functionalization with APTES, the 
reaction with the PEGA polymer (structure in inset) and the formation of the Eu 3+  and Tb 3+  complexes. b) Schematic of the Si-functionalized surface 
incorporating the temperature responsive Ln 3+  complexes. c) Exploded view of the setup used for the thermometric characterization of the sample, 
showing the thermofoil heater, the copper holder, and the Si-functionalized surface. d) Schematic of the setup under 280 nm excitation that emits in 
the visible.
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 Figure  3 b shows the temperature-dependent emission 
spectra (296−338 K) presenting the characteristic narrow lines 
assigned to the  5 D 4  → 7 F 5,6  (Tb 3+ ) and the  5 D 0  → 7 F 1-4  transi-
tions (Eu 3+ ). There is an overlap between the  5 D 0  → 7 F 1  and the 
 5 D 4  → 7 F 4  transitions in the wavelength range 570−605 nm. 
As the temperature increases, we observe a decrease in the 
integrated emission areas of both ions (Figure  3 c). The rela-
tive decrease is much more pronounced in the  5 D 4  → 7 F 5  
transition (labeled as  I  1 ) than in the  5 D 0  → 7 F 2  one (labeled 
as  I  2 ), 38% and 17%, respectively. The energy of the DPA 
triplet (27050 cm −1  [ 42,43 ]  prevents  5 D 4 -to-ligand and  5 D 0 -to-
ligand energy back-transfer, as occurs in other Tb 3+ /Eu 3+  
molecular thermometers. [ 26 ]  Moreover, the analysis of the 
emission spectra recorded at different temperatures in the 
296−338 K range reveals absolutely no changes in the fi rst 
coordination sphere of the lanthanides (Figure S2 in the Sup-
porting Information). 

 The most remarkable feature of the temperature dependent 
luminescence, however, is that it depends on the temperature 
change induced in the surface. Upon heating from 296 to 338 K, 

the  I  1  and  I  2  integrated areas decrease 40% and 15%, respec-
tively, relatively to the values at 296 K. On cooling, when the 
temperature reaches this later value, the initial intensity value 
is recovered, although a clear hysteresis is discerned. The rep-
etition of this intensity variation over several heating–cooling 
cycles shows that the hysteresis is an intrinsic feature of the 
system and, thus, the monolayer can be consider as a thermo-
metric molecular probe. 

 The surface temperature of the SAM in the heating or 
cooling ramp is accessed through the ratiometric thermometric 
parameter  Δ  =  I  1 / I  2 , whose evolution with temperature in 
four consecutive heating–cooling cycles shows essentially the 
same hysteresis cycle presented by the integrated areas  I  1  and 
 I  2  ( Figure    4  ). Noticeable, there is a very good reproducibility 
(higher than 98.4% after a complete cycle) under temperature 
cycling. The performance of the molecular thermometer is 
given by its relative sensitivity, defi ned as 

     
=

Δ
∂Δ
∂

1
S

T
r

  
(1)
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 Figure 2.    a) AFM images of monocrystalline Si surfaces before (top) and after (bottom) APTES deposition. b) XPS spectrum of polycrystalline Si 
wafers. The Si 2p signal of an oxidized wafer (black) and the peak components (colored solid lines) are presented, as well as the SiO 2  (103 eV) and 
bulk Si 0  (99 eV) peaks. c) N 1s region of Si silicon wafers after APTES deposition. The N 1s signal components corresponding to free amines (red) and 
hydrogen bonded/protonated amines (blue) are identifi ed. d) C 1s region of polycrystalline Si wafers after acacPEGA deposition. Different oxidation 
states are identifi ed: C C (Red), C O (Blue), O C O/C O (green) and O C O (yellow). e) XPS spectra of the Eu 3d core level in the Si wafers 
after acacPEGA deposition (black) and after anchoring the β-ketoester complex (red). f) XPS spectrum of the Tb 3d 5/2  core level in the Si wafers after 
anchoring the β-ketoester complex.
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    The present Ln 3+  functionalized SAM presents two sensi-
tivity regimes: i)  regime 1  corresponding to the lowest sensitivity 
(around 0.25% K −1 ) and ii)  regime 2  with enhanced in the range 
308−323 K reaching a maximum value of 1.43% K −1  at 323 K 
when the temperature is being raised. The corresponding min-
imum temperature uncertainty computed according the litera-
ture conventional procedure [ 33 ]  is 0.3 K. 

 Envisaging for any topographic changes on the SAM, we 
take AFM topography images on the same sample used in the 
photoluminescence characterization when the temperature 
increase from 296 to 338 K with steps of 5°, and then after 
cooling to 296 K (Figure S3 in the Supporting Information). 
Within the measurement errors no changes were observed in 
the scanned area and thus we conclude that the temperature 
variations produce negligible changes in the surface topog-
raphy. ESEM images taken in the same temperature range are 
consistent with the observations made by AFM (Figure S4 in 
the Supporting Information). 

 Moreover, we recorded XRR patterns of the functionalized Si 
surface and observed the typical oscillations of thin fi lms with 
well-defi ned thickness ( Figure    5  a). Two oscillations are discern-
able showing the presence of two layers with different densities 
and thickness. The longer oscillation corresponds to a charac-
teristic thickness of ≈7 nm and can be ascribed to the thermo-
metric monolayer coating, while the shorter one corresponds to 
a characteristic thickness of ≈400 nm being consistent with the 
SiO 2  layer deposited onto the silicon wafer. 

  Upon temperature cycling the refl ectivity pattern of sample 
shows signifi cant differences (Figure S5 in the Supporting 
Information). After exposing the sample to two temperature 
cycles, the XRR pattern was recorded during a heating cycle. 
From the oscillations associated to the thermometric monolayer, 
we compute the layer thickness ( t ) from the scattering vector 

    

π
λ

ω= 4
sin( )q

  
(2)
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 Figure 3.    a) Excitation spectrum of the functionalized Si surface at 296 K. The top and bottom lines correspond to the monitoring of the  5 D 4 → 7 F 5  (Tb 3+ ) 
and  5 D 0 → 7 F 2  (Eu 3+ ) transitions, respectively. b) Emission spectra excited at 280 nm (the vertical arrow marked in (a)). The transitions assigned to 
Tb 3+  and to Eu 3+  are presented in gray and black, respectively. The asterisk marks the spectral region where an overlap between the Tb 3+  transition 
 5 D 4 → 7 F 4  and Eu 3+  transitions  5 D 0 → 7 F 0,1  is observed. c) Normalized integrated area of the  5 D 4 → 7 F 5  (top) and  5 D 0 → 7 F 2  (bottom) transitions in a single 
heating–cooling cycle between 296 and 338 K, computed from the emission spectra under 280 nm excitation.
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 where  λ  is the X-ray wavelength and  ω  is the diffraction angle. 
The distance between the fi rst and second fringe minima is 
the layer thickness, given by  t  = 4 π/Δq . Figure  5 c shows that 
the computed thickness is constant with the increasing of tem-
perature, except in the 306−314 K range where it shows larger 
values (corresponding to the interval where  Δ  changes more 
dramatically).   

  3.     Discussion 

 The synthetic method used here is simple and follows to some 
extent the methodology already developed by some of us for the 
immobilization of biomolecules on Si-based microstructures 
through the formation of SAMs. [ 44,45 ]  The process involves sur-
face activation by ozonolisis, vapor coating with APTES, and 
self-assembling of acacPEGA polymers by the Michael reac-
tion. The characterization of the Si surfaces at every step of 
the coating procedure shows that all the processes from sur-
face modifi cation with APTES, Michael addition of hydrophilic 
acacPEGA chains, and docking of luminescent Tb 3+  and Eu 3+  
complexes to the end of this chain were successful and resulted 
in the formation of a self-assembled-monolayer on the silicon 
surface. In general, the coating surface was very homogeneous 
and smooth, in the scale of AFM observations. The roughness 
values are consistent with a monolayer thickness. XPS are also 
consistent with a full covering of the surface at every deposition 
step as the signal of surface elements, Si, N, was progressively 
weakened. 

 The luminescent Tb 3+  and Eu 3+  complexes provide thermal 
functionality to the SAM in the physiological range. In com-
parison with already reported Eu 3+ /Tb 3+  thermometric 

systems, [ 26,31,33,43,46 ]  we observe a response that depends on 
the temperature change induced in the surface. In all of the 
reported examples, the variation of the thermometric parameter 
follows a single trend in the whole working temperature range, 
and this range was quite wide (at least tenths of degrees). [ 47–50 ]  
It is evident that the implementation of the lanthanide complex 
thermometric system on this family of SAM makes a signifi cant 
difference in the thermometric process. The smooth decrease 
in  Δ  in the 296−308 K range and above 323 K (  regime 1 ) may 
be interpreted by a thermally driven back energy transfer from 
the Eu 3+  and Tb 3+  ions to the acacPEGA chains depopulating 
the corresponding  5 D 4  and  5 D 0  emitting states. However, in the 
308−323 K range ( regime 2 ), we observe a suddenly decrease 
in  Δ  ascribed to a subtle structural transition of the acacPEGA 
chains detected by XRR analysis as a change of layer thickness, 
close to the limit of resolution of the technique and undetected 
by AFM or ESEM inspection. Although the  Δ  parameter pre-
sents a clear hysteretic cycle, the temperature determination 
is unequivocal, as a small temperature variation (≈1°) induces 
completely different changes on  Δ  depending in what  regime  
( 1  or  2 ) the system is (in  regime   1  the signal vary ≈1.3%, whereas 
in  regime   2  it changes ≈0.3%). Variations in the  Δ  parameter of 
0.3% are easily measured with commercial portable detectors 
( δΔ / Δ  ≈ 0. 1%). 

 Bistability on luminescent lanthanide-based materials 
was reported for single (e.g., Cs 3 Y 2 Br 9 : Yb 3+ , [ 51 ]  YCa 4 O(BO 3 ) 3 : 
Yb 3+  [ 52 ] ) and doubly (e.g., CsCdBr 3 :Yb 3+ ,Er 3+  [ 53 ] ) doped rare 
earth crystals and also for rare earth crystals doped with rare 
earth ions (e.g., NdPO 4 :Yb 3+  [ 54 ] ). In this last example, for 
instance, its origin was ascribed to the interplay between 
Nd 3+ ↔Yb 3+  energy transfer processes and on the large pump-
induced thermal loading characteristic of the NdPO 4  host. For 
excitation intensities ranging from 0.7 to 2.8 × 10 3  W cm −2 , the 
local temperature of the crystal (temperature at the pumping 
volume) is raised above 300 K activating Nd 3+ ←Yb 3+  energy 
back-transfer processes. In the present case, however, the SAM 
is excited using much lower power densities, 30 ×10 −6  W cm −2  
at 280 nm, inducing negligible thermal gradients within the 
sample. Moreover, as mentioned above, there is no evidence of 
Tb 3+ -to-Eu 3+  energy transfer and, thus, the bistability is ascribed 
to the subtle structural transition of the acacPEGA chain. 

 Conformational transitions are reported in the literature as 
responsible for step-like changes in the response of thermo-
metric systems based on polymers. [ 55 ]  When these polymers are 
interconnected with optical emitters, such as Au nanoparticles, 
QDs, and Ln 3+  phosphors, that temperature dependent-transi-
tion can induce changes in the local environment of the emit-
ters producing variations on their absorption/emission features 
(intensity, energy, or lifetime). [ 56,57 ]  This is not, however, what 
we observe here. There is no evidence of thermally driven Tb-
to-Eu energy transfer and  5 D 4 , 5 D 0 -to-ligand (DPA) energy back 
transfer. Moreover, the fi rst coordination sphere of the two lan-
thanides is unaltered when temperatures increases from 296 to 
338 K. Therefore, the observed decrease of the  5 D 4  → 7 F 5  and 
 5 D 0  → 7 F 2  integrated intensities are explained by the activation 
of nonradiative decay pathways involving the acacPEGA chains. 
We are able to use the  5 D 4  → 7 F 5 / 5 D 0  → 7 F 2  integrated intensity 
ratio to measure the temperature because they are thermally 
quenched at different rates. In fact, the Tb 3+  transition is the 
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 Figure 4.    a) Evolution of the thermometric parameter Δ with the tempera-
ture in the 296−338 K range in four consecutive heating–cooling cycles 
(symbols). The solid lines are the fi t of experimental data to straight lines 
in two regimes:  regime 1  (low thermal sensitivity, blue line) and  regime 
2  (high thermal sensitivity, pink line). The interrupted line is a guide for 
the eyes. The thermometric parameter was computed from the emis-
sion spectra of the functionalized Si surface under 280 nm excitation. 
The error bars result from the error in the determination of the integrated 
areas propagated to the determination of the thermometric parameter. 
b) Sensitivity curve in the 296−338 K range computed from the fi tting curves 
in both regimes. The maximum sensitivity value is 1.43% K −1  at 323 K.



FU
LL

 P
A
P
ER

206 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

most sensitive to changes in the acacPEGA conformation prob-
ably because the thermally induced depopulation is higher for 
the level ( 5 D 4 ) presenting higher energy resonance with the 
excited states of the acacPEGA chains (the  5 D 4  energy is higher 
than that of the  5 D 0  level). 

 A relevant example describes the transition from hydro-
philic-swollen-globule-state to hydrophobic-collapsed-coil-state 
in PEG-based polymers. [ 58 ]  On the other hand, photon corre-
lation spectroscopy and Raman scattering experiments of free 
PEG chains in aqueous solutions heated from 293 to 333 K 
show an increase of the hydrodynamic size up to 313 K (attrib-
uted to chain expansion) and, then, a decrease up to 333 K, 
(attributed to water loss), in good agreement with the occur-
rence of a reversible structural transition of the polymer chains, 
as suggested by the results presented in Figure  5 c. Additionally 
PEG thermosensitive behavior has been observed in nanopar-
ticles of cross-linked ZnO@PEG acrylate hydrogels presenting 
swelling transitions (determined by dynamic light scattering) in 
the range 310−315 K [ 56 ]  (the same range in which we observe 
the photoluminescence hysteresis, Figure  3 c, and the increase 
of the monolayer thickness, Figure  5 c). Thus, both the XRR 

results (Figure  5 ) and previous reports on PEG-based chains 
suggest that the thermometric  regime   2  can be associated with 
a conformational transition in the acacPEGA chains. However, 
how is this affecting the structure of the lanthanide complexes 
at the end of the chain is not entirely understood. The structure 
of Eu 3+  and Tb 3+  complexes of acac and DPA found in their cor-
responding crystalline compounds is shown in Figure S6 in the 
Supporting Information. We may assume that, like in the crys-
tals, DPA ligands are almost planar and parallel to the Si sur-
face, and acac is disposed perpendicularly. Comparing acac and 
DPA areas, it is clear that only a small ratio (1:6) of acacPEGA 
chains will hold a complex. The shrinking of the PEG chains 
may cause a change not only on the lanthanide ligand binding 
distances, but also on the distance with free acac groups, and 
on the orientation of the light harvesting aromatic rings that 
would decrease the photon capturing effi ciency. Any of these 
changes would accelerate the decrease of emission intensity 
with the temperature. 

 Maybe one of the most noteworthy application of 
bistable systems is molecular logic where molecules are 
used to mimic the logical functions usually implemented in 
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 Figure 5.    a) Room temperature XRR refl ectivity pattern of the functionalized Si surface. Inset shows zoom over the region marked in blue. b) XRR 
pattern of functionalized Si wafer sample obtained at 315 and 323 K, showing a small change in the interfringes spacing. Both patterns were recorded 
after exposing the sample to fi ve consecutive temperature cycles. c) Temperature dependence of the thermometric monolayer thickness. Open sym-
bols correspond to results obtained at increasing temperatures while the fi lled symbol denotes the result obtained at room temperature after cooling.
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semiconductor-based technology. [ 59,60 ]  Contrary to the well-
implemented electronic devices, molecular logic systems per-
mits full integration with biological entities, such as cells, and 
when, as in the present SAM, the output signal emerges as 
fl uorescence light, which can be detected without contact with 
the probe, the logical systems gain special interest. The Ln 3+ -
based SAM can be used for the construction of optically active 
molecular logic gates with INHIBIT and AND logic functions, 
depending on two physical inputs, excitation wavelength and 
heat transferred to the system on heating from 296 K (or heat 
transferred from the system, on cooling from 338 K),  Figure    6  . 
In the absence of both inputs no emission signal as output 
is observed, thus, both output-1—Δ( T ) calibration curve in 
 regime   1 —and output-2—Δ( T ) calibration curve in  regime   2 —
become “0” (entry 1). When a particular excitation wavelength 
is used as input-1, the  5 D 4  → 7 F 5  and  5 D 0  → 7 F 2  transitions are 
discerned; thus, output-1 becomes “1” (“0” on cooling) and 
output-2 becomes “0” (“1” on cooling) (entry 2). When the SAM 
is heated (or cooled),as input-2, and no excitation wavelength 
is used, no emission signals are observed; thus, both output-1 
and output-2 become “0” (entry 3). However, in the presence 
of both inputs, Δ( T ) follows the calibration curve of  regime   2  
(of  regime   1  on cooling), which is defi ned as output-2, which 
becomes “1” (“0” on cooling); meanwhile, output-1 is “0” (“1” 
on cooling) (entry 4), Figure  6 a. Accordingly, the truth table 
value for output-1 forms an INHIBIT logic gate (a AND gate on 
cooling), whereas the value of output-2 forms a AND logic gate 
(an INHIBIT gate on cooling). [ 60 ]  The Ln 3+ -based SAM is a two-
module molecular demultiplexer (DEMUX) [ 61 ]  where the output 
is switched between the Δ( T ) calibration curve in  regime   1  
and that in  regime   2 , with light at 280 nm as the input and the 
heat transferred to the system (on heating) (or transferred from 
the system, on cooling) as the control, Figure  6 b. This is one 
more example of molecular logic gates using Ln 3+  ions [ 62–64 ]  but 
the fi rst case in which a molecular thermometer can operate 
as a double-input logic element in the 296−338 K range. Fur-
thermore, this is one of the rare examples of a molecular logic 
device that depends on physical inputs rather than chemical 

ones, as previously reported, permitting a faster switching 
speed. 

    4.     Conclusions 

 The fi rst self-assembled polymer monolayer encompassing 
complexes of trivalent lanthanide ions producing a ratiometric 
temperature readout were fabricated on Si surfaces. All the 
functionalization steps were described and a complete charac-
terization of the surface constitution, morphology, and topog-
raphy was made. The monolayer demonstrate competitive 
thermal sensitivity (1.43% K −1 ) and low temperature readout 
uncertainty (0.3 K) combined with high repeatability (98.6%). 
The system is characterized by a dual-sensitive regime resulting 
from the hysteresis of its photoluminescence. We rationalize 
the observations based a reversible structural transition of the 
polymer chains that confers a large enhancement of the ther-
mometer sensitivity in a small temperature range. Manifestly, 
the Ln 3+  system originally designed to give a ratiometric tem-
perature readout is a molecular probe able to discern a phase 
transition in the acacPEGA chain, being thus the most acute 
probe of that transition among those used by us, namely, 
ESEM, AFM, XPS, and XRR. The temperature reading can 
be quite straightforward opening the possibility to be imple-
mented using conventional optical fi bers and portable detec-
tors, or by using of a charge coupled device (CCD) camera to 
map the sample’s surface temperature with spatial resolution 
limited only by the optical detection system. One can foresee 
potential applications of such functionalized surfaces phase 
transitions probing, particularly that occurring at the nanoscale, 
where traditional calorimetric techniques are not useful due to 
the limited amount of material, microscope-based techniques 
may overlook the transitions and refl ectometry techniques 
may also be of limited applicability due to the relatively poor 
ordering of the thin fi lms. In this context, emission of the 
lanthanide complexes give a clear signature of the phase tran-
sition and may further be explored as an order parameter rep-
resenting the transition with indications about its dynamics, 
for instance. Moreover, the observed reversible bistability per-
mits that the silicon-functionalized surface can operate as an 
optically active two-module molecular DEMUX opening the 
possibility of use this computing molecule in medical- and bio-
technologies, such as blood diagnostics, “lab-on-a-molecule” 
systems, and molecular computational identifi cation of small 
objects. [ 60 ]  Future work will also contemplate the infl uence of 
distinct heating–cooling ramps on the response of the system 
to test the frequency range limits where the logic gates operate.  

  5.     Experimental Section 
  Materials : Europium(III) chloride hexahydrate (EuCl 3  (H 2 O) 6,  

99.9%), terbium(III) chloride hexahydrate (TbCl 3  (H 2 O) 6,  99.9%), 
2,6-pyridinedicarboxylic acid (DPA, 99%) (3-aminopropyl)triethoxysilane 
(APTES), Poly(ethylene glycol) (PEG, Mn: 200 Da), triethylamine, 
acryloyl chloride (97%), anhydrous sodium acetate (NaOAc, 95%), and 
2,2,6-trimethyl- 4H -1,3-dioxin-4-one were purchased from Aldrich and 
used as received. Polyethylene glycol acrylate (PEGA) was synthesized 
and purifi ed by improving an extraction/fractionation method previously 
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 Figure 6.    a) Truth table for the INHIBIT and AND logic gates on heating 
(296−338 K) (cooling from 338 to 296 K).  T c = 15 or 35° on heating and 
cooling, respectively (Figure  4 a). b) Circuit diagram and c) schematic 
switching operation of the 1:2 molecular DEMUX logic device.
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described by Klier et al. [ 65 ]  and Ali et al. [ 66 ]  The β-ketoester polyethylene 
glycol derivative (acacPEGA) was synthesized by adapting the method 
describe by Shridharan et al. [ 67 ]  

  Methods—NMR and FT–IR : The  1 H NMR spectra were recorded at 
400 MHz in CDCl 3  solution at room temperature using a Bruker AV-400 
spectrometer. The  1 H NMR spectra were fully consistent with their 
chemical structures and confi rmed the purity of the fi nal compounds. 
FT−IR spectra were recorded at room temperature in a Perkin Elmer 
Spectrum 100 FT-IR spectrometer equipped with a Universal ATR 
sampling accessory with 4 cm −1  resolution within 380−4000 cm −1  region. 
Purity of the polyethylene glycol derivatives was additionally checked by 
mass spectrometry (MALDI TOF-MS) using dithranol (DTH) as matrix 
and sodium trifl uoroacetate as cationization agent in a Bruker MicroFlex 
spectrometer. 

  Surface Characterization : Contact angle experiments were performed 
using a contact angle goniometer (THETALITE100 with the software One 
Attention, Finland). Values of the contact angle on at least three samples 
were measured to give statistical signifi cance. Atomic force microscopy 
(AFM) and environmental scanning electron microscopy (ESEM) were 
carried out, respectively, in a Ntegra Aura (NT-MDT) equipment and in 
a ESEM Quanta FEG 250 microscope equipped with a Peltier heating/
cooling system. The X-ray photoelectron spectroscopy (XPS) analysis 
was carried out using a Kratos Axis Ultra spectrometer employing a 
monochromatic Al K α  (1486,6 eV)10 mA, 15 kV) X-ray source and a 
power of 150 W. 

  X-Ray Refl ectivity : The X-ray refl ectivity (XRR) patterns were performed 
on a Philips X’Pert MRD using monochromatic Cu Kα radiation 
( λ  = 1.541 Å) in the 0.2 <  θ  <5 ° range (0.01° resolution). The incident 
beam optics included a divergence slit (Crossed Slit Collimator) and the 
refl ected beam optics included a Soller slit of 2.29° and a parallel Plate 
Collimator (0.27° opening). Sample was aligned at each temperature 
using standard procedures. [ 68 ]  Heating was achieved using a IES-RD31 
temperature controller and a Peltier unit. 

  Photoluminescence and Temperature Control : The photoluminescence 
spectra were recorded with a modular double grating excitation 
spectrofl uorimeter with a TRIAX 320 emission monochromator 
(Fluorolog-3, Horiba Scientifi c) 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 spectrofl uorimeter and 
the excitation spectra were corrected for the spectral distribution of the 
lamp intensity using a photodiode reference detector. 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 a 
temperature accuracy of 0.1 K, accordingly to the manufacturer. The 
temperature ramp in the heating–cooling cycles is 1° min −1 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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