
DOI: https://doi.org/10.1590/1980-5373-MR-2020-0568
Materials Research. 2021; 24(4): e20200568

Intelligent Optical Temperature Sensor based on Polyglycerol Dendrimer Microspheres 
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Optical thermometry is a growing technological field which exploits the ability of certain materials 
to change their optical properties with temperature. In this work, poly(glycerol dendrimer) microspheres 
(PGLyD) encapsulating cobalt-doped hopeite (CoHo) was synthesized for its potential use as optical 
thermometer. The structure of the CoHo:PGLyD was studied using scanning electron microscopy 
(SEM), infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD) and thermogravimetric analysis 
(TGA). On the basis of SEM images, the CoHo:PGLyD exhibited a spherical shape in which around 
80% of the microspheres were within 0.82 µm. A multilayer feed-forward artificial neural network 
(MLP-ANN) was used to extract the chromaticity profile dependence of the CoHo:PGLyD with 
temperature. A color change was observed for the CoHo:PGLyD, going from dark blue (490-550 nm) 
to pale pink (650 nm) when the temperature changed from 20-200 °C, respectively. These results 
suggest that CoHo:PGLyD is a promising material for temperature sensing applications.
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1. Introduction
Optical thermometry (OPT) is a growing technological 

field that exploits the ability of some materials to change 
their optical properties with temperature1. OPT is a rapidly 
emerging technique gaining attention for use in noninvasive 
temperature measurement as remote real-time temperature 
sensors, taking advantage of its higher optical absorption 
contrast, fast response, high spatial resolution and sensitivity, 
and low perturbation of the sample temperature during 
measurements2.

The number of materials for OPT techniques is remarkably 
large including organic dyes3, semiconductors4, synthetic 
diamonds5, quantum emitters6 and lanthanide complexes7. 
However, the major drawbacks that limit applications of 
these materials in OPT are the need of ultraviolet/visible/
near-infrared excitations, sophisticated spectrophotometry 
instrumentation, toxicity and a potentially unstable balance 
of demand and supply of raw material for the manufacture 
of OPT devices8,9.

Materials that has been shown to be promising for 
applications in OPT are those which change their color as 
a reversible and reproducible function of temperature in a 
phenomena known as thermochromism10. A great deal of 
research endeavors have been devoted to the synthesis of 

thermochromic materials and a growing demand for innovative 
products with temperature-based, color-changing abilities 
with functional applications in engineering has contributed 
significantly to this market growth in recent years11.

Even though numerous thermochromic materials (TCMs) 
with different morphologies, preparation and applications 
have been reported, effective and universal strategies for the 
development of an ideal material with simple preparation, 
low cost, excellent performance and practicability are still 
required12.

In the last years, some studies have been reported to 
demonstrate thermochromic properties of the mineral α-hopeite 
(Ho) doped with M2+ ions (M2+: Co2+, Ni2+ and Mn2+)13. Ho is 
a zinc phosphate tetrahydrate [Zn(H2O)4Zn2(PO4)2] which 
Zn(H2O)4O2 chains in a octahedral molecular geometry 
and a tetrahedral arrangement of ZnO4 and PO4 chains14. 
The substituent effect of M2+ in the Ho structure appears 
to play important roles in adjusting their thermochromic 
behavior such as color and responsive temperature.

The substitution of the zinc at the octahedral site of the 
α-hopeite by cobalt (Co) results in [ZnPO4] layers bridged 
by Co(H2O)4O2 octahedra originating cobalt-doped hopeite 
(CoHo)15. CoHo is an interesting class of thermochromic 
temperature indicator which exists in two distinct colored 
phases. The pink dehydrated form is stable above temperatures  *e-mail: alvaro.queiroz@ipen.br, dealenquer@gmail.com
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around 60 ºC while the second, blue hydrated form is stable 
below that temperature.

CoHo have some difficulties in regard to their applications 
to OPT. Their water insolubility and the total dehydration 
of CoHo crystals with heating are problems which limit 
their practical applications. There are also problems such as 
suitability for the production of coatings at room temperature 
(25 °C). Because of these reasons, CoHo particles need to be 
microencapsulated prior to application in OPT technology. 
Microencapsulation has many advantages such as the 
protection of the crystals from the environment preventing 
the total dehydration of CoHo.

In spite of potentially interesting properties, such as 
cavities with large surface area, hydrophobic and hydrophilic 
behavior and electrostatic interactions, to the best of our 
knowledge, so far no report has introduced any such approach 
for CoHo microencapsulation by using poly(glycerol) 
dendrimer microspheres (PGLyD). The PGLyD would allow 
us to have CoHo in a more stable way so they could be used 
in OPT more efficiently. Since PGLyD microcapsules has 
optical transparency in the portion of the electromagnetic 
spectrum between 400nm and 700 nm, thermal stability up 
to 300 °C, processing flexibility, and a low elastic modulus 
in its solid state, this solution allows the best integration in 
manufacturing processes and the possibility of providing a 
higher-quality OPT sensor at a reduced cost. Additionally, 
PGLyD is a kind of glycerol polymer derivative produced 
from renewable resources.

In this study, CoHo was used as core and PGLyD 
microspheres were synthesized as the polymeric shell 
material. The aim was to prepare PGLyD microspheres 
which change their color reversibly with change temperature. 
Morphology, particle size distribution, structural characteristics 
and thermal properties of the CoHo:PGLyD microspheres 
were determined by scanning electron microscopy (SEM), 
X-ray diffraction analysis (XRD), Fourier transform infrared 
spectroscopy (FTIR) and thermogravimetric analysis 
(TGA), respectively. A screen printing process has been 
used to fabricate CoHo:PGLyD coatings onto polyethylene 
terephthalate (PET) films. The dependence of the color-
change behavior of CoHo:PGLyD coatings on temperature 
was investigated by UV-VIS spectroscopy. An artificial 
neural network (ANN) was developed to find a quantitative 
relationship between color change of the CoHo:PGLyD 
coatings and the temperature.

2. Experimental

2.1. CoHo:PGLyD synthesis
A polyglycerol dendrimer (PGLyD) with generation 

4 was synthesized by repeating the step of allylating a 
hydroxyl group of glycerol (Sigma-Aldrich) and the step of 
converting the allyl group into a hydroxyl group by osmium 
acid oxidation according to previous study16.

PGLyD (1.3 mmol), methacrylic acid (1.0 mol, Sigma-
Aldrich) and triphenylphosphine (25 mmol, Sigma-Aldrich) 
were added together in a 250 mL jacketed reactor vessel 
equipped with a magnetic stir bar and reflux condenser. 
This reaction mixture was heated at 150 °C for 20 hours at 
200 rpm under a stream of nitrogen gas (25 mL/min, White 

Martins). The resulting methacrylated PGLyD was then 
precipitated in isopropanol (purity: 99.9%, Sigma-Aldrich) 
and dried under reduced pressure at room temperature 
(25 ºC) overnight. 1H-NMR spectra (Bruker ARX 300 MHz, 
DMSO-d6) suggested that only one methacrylic group was 
incorporated into PGLyD structure.

CoHo:PGLyD composite microspheres were synthesized 
via soap less emulsion polymerization17. Initially, the aqueous 
solution of zinc nitrate (Zn(NO3)2.6H2O, Sigma-Aldrich, 
0.07 mol) and cobalt(II) nitrate (Co(NO3)2, Sigma-Aldrich, 
0.01 mol) were prepared in 10 mL of distilled and deionized 
water, separately. The Zn(NO3)2.6H2O and Co(NO3)2 aqueous 
solution were then added drop wise into the PGLyD (10g) over 
30 min under constant stirring at room temperature (25 ºC). 
The sodium dihydrogen phosphate solution (NaKH2PO4, 
Sigma-Aldrich, 0.03 mol, 30 mL) was then added drop 
wise into the PGLyD:Zn2+:Co2+ solution over 1 hour under 
constant magnetic stirring at room temperature (25 ºC). 
After complete addition of NaKH2PO4solution, the pH of the 
reaction mixture was adjusted to 3.0 with phosphoric acid 
(H3PO4, Sigma-Aldrich, 100 mM) solution. The aqueous clear 
solutions turned into visible turbid violet color as the reaction 
proceeds. Then, soap polymerization of the methacrylated 
PGLyD carrying the CoHo crystals was carried out in a 
250 mL four-necked flask equipped with thermometer, 
mechanical stirrer, reflux condenser and nitrogen gas inlet 
system. Ammonium persulfate (100 mg, Sigma Aldrich) 
as polymerization initiator for methacrylated PGLyD was 
added drop wise in the four-necked flask. The mixture was 
heated at 60 ºC for 1 h and then at 120 ºC for a further 6 h 
under stirring. The CoHo:PGLyD was washed several times 
with hot (60 ºC) deionized water and acetone to remove 
unreacted reactants, recovered via vacuum filtration and 
then dried in a vacuum oven at room temperature (25 ºC) 
for 24 h. The yield of the CoHo:PGLyD obtained from such 
soap less emulsion polymerization was 83 wt% of a deep 
violet powder.

2.2. Characterization and structural study of the 
CoHo:PGLyD

The microstructure of CoHo:PGLyD was evaluated 
by attenuated total reflection infrared spectroscopy (ATR-
FTIR) using a FTIR Shimadzu IRTracer-100 equipped 
with a PIKE MIRacle Attenuated Total Reflection (ATR) 
accessory. The spectra of samples were acquired in the range 
of wavenumbers from 4000 cm-1 to 600 cm-1.

The morphology of the CoHo:PGLyD was observed 
under the scanning electron microscopy (SEM). The samples 
were mounted on an aluminum stub using double-sided tape, 
covered by a fine gold layer to prevent electric charging and 
observed on a Carl Zeiss EVO MA 15 electron microscope. 
Diameters of the CoHo:PGLyD microspheres were measured 
by using ImageJ software18. The mean diameter of each 
sample was calculated based on the measurements of about 
100 randomly selected particles.

Powder X-ray diffraction (XRD) analysis of the CoHo:PGLyD 
was performed on a Rigaku MiniFlex600 diffractometer 
with Cu Kα radiation. The powder patterns were recorded 
at room temperature in a 2θ range from 20 to 50o with an 
angular step of 0.02o and a scanning rate of 2o/min.
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The thermal properties of the CoHo:PGLyD samples were 
analyzed by thermogravimetric-differential thermal analysis 
(TG-DTA, Metler TA 4000). The measurements were carried 
out with 10–15 mg samples in an air environment, from room 
temperature to 800 ºC, and with a heating rate of 5 ºC/min.

2.3. Fabrication of CoHo:PGLyD sensors
Thick film of the CoHo:PGLyD thermochromic sensors 

were fabricated by screen-printing technique employing 
the paste of CoHo:PGLyD (20 wt%) with potassium 
silicate solution (K2SiO3, Diatom, 62 wt%) as a binder and 
deionized water (16 wt%) as a solvent. The CoHo:PGLyD 
paste was symmetrically screen printed on the polyethylene 
terephthalate films (PET, thickness 100 μm) with a 420 mesh 
screen mask and dried for 48 h under vacuum-oven at 
room temperature (25 ºC) to obtain flexible CoHo:PGLyD 
thermochromic sensors.

2.4. Optical characterization techniques
The thermochromic response of the CoHo:PGLyD sensors 

was measured using diffuse reflection spectroscopy with an 
integrating sphere attachment to UV-Vis spectrophotometer 
(Varian Cary 50) over the wavelength range 300-700 nm 
from 20 ºC to 200 ºC. The measurements were performed 
by placing the samples in front of the incident light window, 
and concentrating the light reflected from the sample on 
the detector using a sphere having a barium sulfate-coated 
interior. The obtained value becomes the reflectance (relative 
reflectance) with respect to the reflectance of the reference 
standard white board, which is taken to be 100%.

The color changes of the CoHo:PGLyD sensors with 
temperature were analyzed with the CIE L*a*b* color space 
through the use of a portable CIELAB handheld colorimeter 
(WR10-8 mm, Sucolor). CIE L*a*b* color space describes 
mathematically all perceivable colors with the dimensions 
lightness (L*), darkest black (L*=0) and the brightest (L*=100). 
The red and green opponent colors are represented along the 
a* axis while the yellow and blue opponent are represented 
along the b* axis. In polar coordinates, C* represents the 
chroma or the relative saturation. The parameter C* ranges 
from 0 at the center of the circle and represents the completely 
unsaturated to 100 or more at the edge of the circle for very 
high chroma19.

The recognition of the color changes of the CoHo:PGLyD 
sensor with temperature was performed from CIE L*a*b* 
color space coordinates with machine learning algorithm by 
using a multi-layer perceptron (MLP) architecture based feed-
forward Artificial Neural Networks (ANN)20. The MLP-ANN 
uses the backpropagation learning algorithm and consists 
of an input layer, hidden layers and an output layer in the 
“feedforward” networks configuration where the signal 
flows from input to output layer. Inputs for the MLP-ANN 
platform was developed by using the deep learning libraries 
of TensorFlow (TF) and Keras (K) with Python (version 
2.7.12) as the programming language for the CoHo:PGLyD 
color classification in according to temperature20.

The experimental data were randomly divided into two 
sets: 80 random of data sets were used as training data, 20 data 
sets were used as testing data and 20 data sets were used 
for validation. The network architecture was trained using 

stochastic gradient descent and the categorical cross entropy 
loss function. The training set was augmented with reverse 
complement sequences, and gradient descent used a learning 
rate of 0.1 and momentum parameter of 0.0. The dataset (yi) 
of 60 instances of color patterns of the CoHo:PGLyD at 25 ºC 
(x1) and 60 instances of the CoHo:PGLyD color patterns 
at 60 ºC (x2) classes were used for the ANN classification 
as 0 (25 ºC) or 1 (60 ºC) through the implementation of 
the softmax function (S(yi)) just before the output layer to 
predict a probability (p) at each class as an output layer in 
according to Equation (1):
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Initially the data set were normalized from * * *1 1L a b≤ ≤ .  
It is important to point out that two neurons at the output 
layer present the probabilities to be 0 or 1. A hyperbolic 
tangent activation function (tanh) in the range [-1, 1] was 
used in the inner layer. The quality of the prediction of the 
MLP-ANN was characterized through the cross entropy 
error function21-22. Figure 1 illustrates the MLP-ANN 
implemented in this work.

3. Results and Discussion

3.1. CoHo:PGLyD preparation and 
characterization

To prove the presence of CoHo in the PGLyD microspheres, 
FTIR spectroscopy was used. Figure 2(a) shows the FTIR 
spectra of the PGLyD and CoHo:PGLyD microspheres. 
The absorption bands at 3400 cm-1, 2900 cm-1 and 1100 cm-1 are 
associated with the peripheral hydroxyl groups (OH), 
aliphatic C-H and ether (C-O-C) stretching bands of PGLyD 
microspheres, respectively, which is in good agreement with 
the literature values23. The FTIR spectrum of CoHo:PGLyD 
microspheres is shown in Figure 2(b). The spectrum reflects 

Figure 1. Schematic diagram of the MLP-ANN implemented in 
this work for study of the color changes of the CoHo:PGLyD with 
temperature. L*, a* and b* represents the spatial coordinates of the 
colors and P(25 ºC) and P(60 ºC) represent the probabilities in their 
respectives temperatures. 
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the characteristic absorptions of CoHo showing characteristic 
absorptions due to the 3

4PO − group from 800 to 1350 cm-124. 
Water bonding at 1650 cm-1 and O–H stretching broad band 
centered at 3500 cm-1 suggests the presence of water of 
crystallization24. From the above discussion it was confirmed 

that microencapsulation of CoHo into PGLyD shell had been 
successfully performed.

Scanning electron microscopy (SEM) images of the 
CoHo:PGLyD are given in Figure 3. It is evident from these 
images that the CoHo:PGLyD microspheres are uniformly 
round with good sphericity and their surface is essentially 
smooth and was not coalesced together. PGLyD seems to 
reduce efficiently the surface tension of water avoiding the 
process of coalescence of the polymeric drops stabilizing the 
polymer particles especially in the period when the reaction 
medium becomes very viscous.

The particle size histogram distribution of the CoHo:PGLyD 
microspheres are shown in Figure 4. According to Fig. 4, particle 
size distribution of the CoHo:PGLyD microspheres was 
narrow and unimodal with particle size of about 0.82 µm. 
This findings suggested that PGLyD microspheres seems 
significantly reduce the surface tension of the water so that the 
dispersed phase may form smaller and more stable droplets 
favoring the preparation of CoHo:PGLyD microspheres of 
smaller size diameter25. Based on the results, it can be said 
that CoHo:PGLyD microspheres had uniform and suitable 
particle sizes for OPT application.

Figure 2. ATR-FTIR spectra of PGLyD (a) and CoHo:PGLyD microspheres (b).

Figure 3. SEM images of CoHo:PGLyD microspheres at magnifications of 8 kX (left) and 30 kX (right), respectively. k=1,000.

Figure 4. Size distribution analysis of CoHo:PGLyD microspheres 
after SEM images processing by ImageJ software.
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The XRD patterns of CoHo:PGLyD are shown in Figure 5. 
XRD patterns of CoHo:PGLyD are almost the same as that 
of pure CoHo. Nevertheless, the main peaks corresponding 
to (110) and (200) planes of PGLyD at 2θ = 21.4° and 23.8° 
can be distinguished. The XRD patterns at the 2θ interval of 
30-80º agree well with the reported values for CoHo structure15. 
From the XRD patterns, it can be further ascertained that 
the crystal structures of CoHo particles are not significantly 
altered by the PGLyD. In the polymerization soap less 
emulsion polymerization process the hopeite precursor’s 
ions are adsorbed on the PGLyD surface droplets to form 
highly stable metal chelates emulsion26. Therefore the final 
CoHo:PGLyD microspheres could have distinct core-shell 
morphology where the formed CoHo would act as cores 
and PGLyD as a shell.

The thermal stability of the CoHo:PGLyD microspheres 
was determined by the use of thermogravimetric techniques. 
Figure 6 displays the TGA and their first derivative (dTG) 
curve representing the temperature of maximum weight 
loss rate. The TGA/dTG indicates that the mass loss of 
CoHo:PGLyD may mainly take place in two temperature 
ranges. In the temperature range of 250 ºC to 500 ºC, 
the mass loss is attributed to the decomposition of the 
PGLyD organic fraction of CoHo:PGLyD. The weight loss 
step observed above 500 ºC seems to indicate the loss of 
water due to the CoHo dehydration of CoHo:PGLyD13. 
TGA measurement could also give indirect information about 
the amount of CoHo:PGLyD in the organic microspheres. 
The percentage of the residual weight was around 20 wt% 
at 1000 ºC and corresponds to the CoHo fraction present 
in PGLyD microspheres. The good thermal stability of the 
CoHo:PGLyD may contribute to design of thermochromic 
sensors for engineering applications.

3.2. Optical properties of the CoHo:PGLyD 
sensor

To further investigate the color transition with temperature, 
the optical properties of the CoHo:PGLyD films at various 
temperatures were characterized using UV-VIS spectroscopy 
and the results are shown in Figure 7. The peak at 490 nm and 
550 nm corresponded to the blue phase of the CoHo:PGLyD 
at 25 ºC and the peak at 650 nm was associated with the 
pink phase at 60 ºC (Fig. 7). The peak intensity at 550 nm 
decreased while the intensity of the one at 650 nm increased 
with increasing temperature, which was also verified by 
the color change from blue to pink (Fig. 7) with increasing 
temperature.

The color change of CoHo:PGLyD appears to be related 
to the changes in coordination geometry and/or ligand 
field strength of the Co2+ present in the CoHo structure. 
The tetrahedral Co+2 coordination lead to a strong blue color 
whereas Co2+ in octahedral coordination is known to exhibit 
a pink color. Since PGLyD is a polyether oxygen-donor 
ligand able to coordinate in a chelate mode with cobalt 
the tetrahedral and octahedral structures exist together in 
equilibrium in CoHo:PGLyD. This equilibrium can be 
disturbed by changing the temperature basically predicted 
by Le Chatelier’s principle27. Thus two metastable long-
lived complexes are formed in CoHo:PGLyD as result 
of two competitive reactions. At low temperatures CoHo 

Figure 5. Powder X-ray diffraction of the CoHo:PGLyD microspheres.

Figure 6. Thermogravimetric analysis (TGA) (a) and their first 
derivative (dTG) (b) of CoHo:PGLyD microspheres.

Figure 7. UV-VIS characterization of the thermochromism of 
the CoHo:PGLyD microspheres coatings at 25ºC (a)(—) and 
60 ºC (b) (―).
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interactions with PGLyD prevail which forms blue colored 
CoHo:PGLyD microspheres. When at higher temperatures 
the CoHo hydration water destroy the CoHo:PGLyD 
complexes and CoHo:PGLyD transforms into its pink state. 
The microencapsulation of CoHo by PGLyD provides that 
the equilibrium dark blue/pink  to be reversible so that this 
process can be repeated several thousand times.

CoHo:PGLyD has been shown to have thermochromic 
properties capable of changing reversibly its optical 
properties as a function of temperature. The reversibility of 
the CoHo:PGLyD thermochromism was calculated taking 
in account Equation (2):

( ) 650 650

650 550 460 650 550 46025 60
CI %   .100

A A
A A A A A A

    
 = −      + + + +     

 (2)

where CI is the color intensity (CI) expressed in percentage 
and A are the absorbance at respective wavelengths at 25 ºC 
and 60 ºC, respectively.

The color hysteresis were measured applying small 
temperature gradient on CoHo:PGLyD microspheres with fully 
relaxed color. This condition ensures the high measurement 
repeatability required to quantify the dynamic color properties 
of CoHo:PGLyD. The shape of color hysteresis obtained for 
CoHo:PGLyD films showed in Figure 8 is characteristic of 
the single-color reversible thermochromism28. The visible 
color change of CoHo:PGLyD occurs over a temperature 
range of approximately 5°C and the rapid reversibility of 
the color transition was maintained after several thermal 
cycles (Fig. 8). Additionally CoHo:PGLyD shows a very 
small thermal hysteresis, where the temperature at which 
the color disappears on heating is slightly larger than the 
temperature at which the color begins to return on cooling 
(Fig. 8).

3.3. ANN CoHo:PGLyD automated color 
recognition

The color transition associated to the temperature changes 
was made by the using the CoHo:PGLyD microspheres coating 
in reflectance mode (Figure 9). The reflected signal from 
CoHo:PGLyD surface was produced by a red-green-blue 
(RGB) LED driven by a microcontroller unity (MCU) and 
detected by a photodiode (PD). The analog signal from PD 
was then amplified and applied to the MCU where it was 
converted to digital signals and processed from the RGB 
space to CIEL*a*b* coordinates through a color conversion 
algorithm. The corresponding changes in the CIE coordinates 
of CoHo:PGLyD are shown in Figure 10. With the coordinate 
(0.17, 0.07) at 20 ºC, a dark blue color is displayed, and 
when the temperature increases to 60 °C, the color changes 
to pink and the CIE coordinate is (0.32, 0.21).

Figure 8. Temperature hysteresis of the CoHo:PGLyD microspheres 
coatings: heating (―) and cooling (―). Scan rate: 5 ºC/min.

Figure 9. Reflectance mode circuit for monitoring the color transition of CoHo:PGLyD microspheres with temperature. Two D65 LED´s 
were used as light source and simulates the natural daylight. The sensor chip makes use of the TCS230-DB photodiode (PD). The output 
of the PD was amplified and applied to an 8051 microcontroller. The signal processing circuit converted the RGB values to CIEL*a*b* 
coordinates for the MLP-ANN processing.
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The error histogram of the trained MLP-ANN for the 
training, validation and testing steps is presented in Figure 11. 
Satisfactory results are obtained since the data fitting errors 
are distributed within a reasonably good range around 
zero. As shown in Fig. 11 for the chromaticity CIEL*a*b* 
recognition, all errors are between around + 4.7%. Also, 
the validation and test errors are between + 6.9%. These 
results indicate that the MLP-ANN accurately determines 
the required color in function of temperature with minimum 
percentage error indicating that CoHo:PGLyD microspheres 
could be used for real-time analysis of temperature changes. 
A dozen tests of the MLP-ANN were conducted (results not 
shown) to verify their repeatability and in this case also, a 
good performance of the CoHo:PGLyD temperature sensor 
automated by a MLP-ANN was observed.

The recorded reflectance spectra of the CoHo:PGLyD 
microspheres measured at 650 nm as function of temperature is 
show in Figure 12. It was found that the relationship of the optical 
signal with temperature from 20 ºC to 200 ºC can be described 
by an equation of the type 2

650 0.37. 15.35 ( 0.999)R T r= + =  
(Fig. 12). In summary, a temperature sensor applicable for 
monitoring temperature from 20 ºC to 200 ºC can be developed 
by using CoHo:PGLyD as an optical temperature indicator. 
Preliminary test results illustrated the potential of application 
of these sensing CoHo:PGLyD for monitoring temperatures 
in engineering processes.

4. Conclusions
Taking account of the importance of the optical thermometry 

in technological applications a reversible thermochromic 
sensor based on CoHo:PGLyD have been studied. FTIR 
spectroscopy confirmed that microencapsulation of CoHo into 
PGLyD shell had been successfully performed. The formation 
of monophasic CoHo:PGLyD structure was confirmed by 
XRD analysis data. The SEM micrographs suggest that 
CoHo:PGLyD are composed of smooth and uncoalesced 
submicron microspheres with an average size around 
0.82 μm. The TGA-dTG demonstrated that CoHo:PGLyD 
has adequate thermal characteristics for the development of 
optical thermometer and visual temperature sensors. The color 
of CoHo:PGLyD reversibly turned from dark blue to light 
pink with the color transition temperature of 58 ºC, and 
the thermal stability was over 300 ºC. The thermochromic 
process of CoHo:PGLyD was displayed by reflectance 
spectroscopy and CIEL*a*b* values in heating-cooling 
cycle demonstrates their reversible property from dark blue 
to light pink. A machine learning algorithm was successfully 
used to recognize and classify the CIE L*a*b* color space 
coordinates of the CoHo:PGLyD sensor. These results suggests 
that CoHo:PGLyD sensors could be successfully used for 
in technological applications for avoid overheating when 
the environmental temperature exceeds certain operational 
requirements in the range between 20-200 ºC.
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Figure 10. CIE chromaticity diagram showing the color emission of 
CoHo:PGLyD microspheres at 20 ºC, 60 ºC and 200 ºC, respectively.

Figure 11. Error histogram of the MLP-ANN with 20 Bins for CIE 
chromaticity of CoHo:PGLyD microspheres recognition.

Figure 12. The relationship of reflectance signal (detected at 
650 nm) of CoHo:PGLyD microspheres with temperature from 
room temperature (20 ºC) to 200 ºC.
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