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Obstract

Polyurethanes, versatile polymers extensively explored across industries, can be augmented by incorporating 
complementary materials like lanthanides. This research presents a novel approach, employing a one-shot synthesis to 
create polyurethane-lanthanide composites using polyol, isocyanate, samarium, and holmium oxides. FTIR and Raman 
spectroscopy affirmed successful polyurethane matrix formation, while XRD unveiled distinct phases in lanthanide-
loaded matrices versus soft, low-crystallinity polyurethane in control foam. Optical microscopy displayed morphology 
alterations due to samarium and holmium. Thermogravimetric analysis revealed heightened composite thermal stability 
compared to control foam. Looking ahead, these outcomes prompt further exploration of polyurethane-lanthanide 
composites, particularly in harnessing property changes for diverse applications.
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1. Introduction

Modern days, along with the need for increasingly 
durable and practical products, have caused many traditional 
materials to be replaced, especially by polymers, due to their 
numerous applications and properties[1,2]. Among the various 
types of polymeric materials on the market, polyurethane 
(PU), developed in 1937 by Otto Bayer and collaborators, 
stands out in terms of its versatility and applicability[2-4].

PU is synthesized through a polymerization reaction 
between a chemical called polyol, which contains hydroxyl 
groups (-OH), and another substance containing functional 
isocyanate groups (-NCO), which will result in a monomer 
product called urethane in an exothermic reaction[4,5]. The most 
common process for the synthesis of PU is the so-called batch 
process, also called one-shot, which consists of mixing the 
reagents and then stirring vigorously in a one-step process, 
then the reagents are poured into the desired mold[6].

PU can be found in the flexible or rigid foam form, as 
well as thermoplastic, adhesive, coating, binder, sealant, 
elastomer, fiber, and resins dispersed in water[3,5,7]. Due to its 
wide array of conformations, this polymer is generally applied 
in implants, footwear[8], cars, fabrics and can present several 

properties, such as good thermal stability, mechanical[3,9], 
hydrolytic, platelet adhesion[10], shape memory[11], chemical 
resistance and biocompatibility[12,13].

To change PU properties, such as flame retardance, 
ignition, and degradation temperature, additives can be 
mixed in the structure[14,15]. Recent research indicates that 
PU structures with added lanthanides provide different 
properties to the final material, such as fluorescence, 
magnetic properties, protection against ultraviolet radiation, 
and flame retardancy, resulting in promising applications 
and indicating potentialities in research involving PU and 
lanthanide elements[7,16-18].

The lanthanides refer to the group of elements in 
the periodic table with atomic numbers 57 to 71, from 
lanthanum to lutetium[19]. The lanthanides are also the major 
constituents of the rare earth elements, which consist of the 
lanthanides plus yttrium and scandium[20]. These elements 
show similarity to physical and chemical properties, causing 
them to be categorized in this group[19,20]. Several studies 
report the use of a polymer matrix with lanthanides for 
different applications, such as magnetically responsive 
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 polymer[21], fluorescence enhancement[22], nanoparticles for 
high resolution[23] and electrospun nanofibers[24,25].

Currently, the biggest producer of rare earth elements is 
China, with about 40% of the world’s reserve of ores from 
which these elements are extracted[20,26]. Brazil, in turn, 
has the third largest ore reserves in the world but does not 
exploit them as much[26-28]. Bearing in mind the previously 
presented points, this article presents a study of the synthesis 
and characterization of PU with samarium(III) oxide and 
holmium(III) oxide, contributing to recent research in this 
area. Recently conducted systematic reviews reveal that the 
combination of polyurethane with samarium or holmium 
has not yet been explored in the literature[29].

2. Materials and Methods

2.1 Chemicals

Commercial polyol (Redelease, Brazil), commercial 
isocyanate (2,4’-diphenylmethane diisocyanate, Redelease, 
Brazil), Sm2O3 99,99% (Moscow 7 Store, China) and 
Ho2O3 (Sanyinghe, China).

2.2 Synthesis

The polyurethane was synthesized by the one-shot method, 
which consists of the synthesis through the stirred mixture of 
the polyol with the isocyanate for 60 seconds at 300 RPM[6,30,31] 
under heating at 75 °C. Due to the heating in the synthesis, pure 
samples were named HPU referring to no added lanthanides. 
To prepare the sample without lanthanide oxides, a 1:1 mass 
ratio of polyol to isocyanate mass was used.

For samples containing Sm2O3 and Ho2O3, mixtures 
containing oxide percentages of 5%, 10%, 15%, 20% and 
25% were prepared, according to Equation 1, maintaining 
the 1:1 mass ratio of polyol to isocyanate. These were 
named HPU followed by the lanthanide it contained and 
its mass percentage.

   %
   lanthanide

mass of lanthanideoxide
polyol mass mass of isocyanate

=
+

  (1)

In all samples, the corresponding lanthanide oxide was 
mixed with the heated isocyanate before reaction with the 
polyol. The samples were allowed to rest for one week 
before the characterizations.

2.3 Characterizations

2.3.1 Fourier-transform infrared spectroscopy (FTIR)

Measurements of the powder samples were performed 
in a Perkin Elmer Frontier (Massachusetts, USA) equipment 
with an Attenuated Total Reflection (ATR) apparatus, from 
wavenumbers of 4000 to 400 cm-1, with a resolution of 
4 cm-1 and 64 scans.

2.3.2 Raman spectroscopy

Micro-Raman Spectroscopy was performed in a 
Renishaw in-Via Reflex coupled to a microscope, using a 
diode laser of 532 nm and 500 mW. Samples were analyzed 

from 500 to 4000 cm-1 spectral range, 3 s of exposure, and 
3 accumulations.

2.3.3 X-ray powder Diffraction (XRD)

A Shimadzu XRD-6100 diffractometer was used 
operating at a voltage of 40.0 kV and current of 30.0 mA 
with a copper X-ray tube. Continuous scans were performed 
at a speed of 2.0 °C·min-1 in the 2 theta range of 10º to 37º. 
The analyzed sample was in powder.

2.3.4 Thermogravimetric (TG)

Thermal decomposition properties were evaluated TG 
in a Perkin Elmer Pyris (Massachusetts, USA) equipment, 
from 30 ºC to 750 °C and a heating rate of 10 °C·min-1 under 
nitrogen (N2) atmosphere of 20 mL·min-1. Values for Tmax were 
obtained from the maximum height of the decomposition peak 
for each sample. Sample masses were normalized by subtracting 
lanthanide mass that was already in the sample, as these metallic 
oxides would not degrade at the analyzed temperatures.

2.3.5 Optic microscopy

A Leica EZ4W optical microscope coupled to a 
microcomputer was used to obtain the images under 35x 
magnification.

3. Results and Discussion

3.1 Vibrational spectroscopy: FTIR and Raman

The FTIR and micro-Raman spectra of all samples are 
shown in Figure 1. According to Trovati et al. (2010)[32], 
the peak at approximately 2270 cm-1 corresponds to the 
-N=C=O groups from isocyanates. The increasing content 
of samarium and holmium increased this peak intensity, 
which may indicate that either its presence hinders the 
polymerization between the isocyanates and the polyols, 
resulting in remaining unreacted molecules[32], which may 
be due to an excess of isocyanate or other interactions may 
have occurred during the synthesis between the PU matrix 
and the lanthanides. This perception of increased intensity 
was noted by standardizing the height of the peak in the 
region of 1600 cm-1, referring to the C=C of the aromatic 
ring[33], since this does not participate in the reaction.

Figure 1. FTIR and micro-Raman spectra of all samples with 
increasing content of samarium (left) and holmium (right) from 
bottom to top: pure, 5%, 10%, 15%, 20%, and 25%.
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The bands corresponding to hydroxyl groups at 
3300 cm-1 regions are more evident with increased content 
of Sm (mainly 15, 20 and 25% w/w) and for Ho (10, 20 and 
25% w/w) oxides, which may indicate a softer polymer 
structure, due to a decrease in the cross-linking process 
between the isocyanate and polyol[32].

The bands present in the 1710 cm-1 region are related to 
the carbonyl groups and they are also evident in spectrums 
with increased isocyanate peaks at 2270 cm-1. This information 
endorses the presence both as an excess isocyanate of the 
reaction and as polyurethanes[32].

Philip et al.[24] highlight that the presence of lanthanide 
complexes in poly(methyl methacrylate) (PMMA) matrix 
blue shifted the carbonyl peak compared to the pure matrix, 
indicating that some interaction may be occurring with 
the lanthanide complexes[24]. Kohri et al.[21] observed the 
similar behaviour[21]. In the latter, the authors suggest that 
a coordination of the carbonyl groups to the lanthanide 
cations may have occurred.

The C-H symmetric and non-symmetric stretching appears 
at 2975 and 2920 cm-1, being more pronounced in the samples 
with higher content of lanthanides, 15, 20, and 25% (w/w) 
for Sm and 10, 20, and 25% (w/w) for Ho, accompanied by 
bands nearing 1600 and 1510 cm-1, typical of polymerized 
urethanes with stretching C=O and N-H bonds[32]. The spectrum 
characteristics observed here are typical of pure PU, with 
changes in certain bands from isocyanates and polyols, due 
to the presence of Sm or Ho in the composition.

Regarding micro-Raman spectra, band assignments 
were identify according to the literature. Normally, the 
vibrational properties of lanthanides oxides or ceramics 
are performed in different spectrum regions, as can be 
observed in previous works[34]. In this study, the spectrum 
differences related to the organic matrix of PU are analyzed 
in the presence of lanthanides.

Raman scattering intensities of isocyanates were observed 
at the 1439 cm-1 region[35-37], where only the HPU Sm 25% 
sample presented a blue shift of this band to 1445 cm-1. Urethane 
amides were assigned to 1185, 1255, and 1615 cm-1[36], and are 
related to the polyurethane matrix, while the 1666 cm-1 region 
corresponds to C=C stretching vibrations[37]. However, the authors 
mentioned that these bands could be overlapped by multiple 
peaks and/or low signal-to-noise ratios. Nitrogen-containing 
bonds (C-N and N-H) were observed at 1527 cm-1[35-37] and at 
1710 cm-1, while some residual carbonyl was observed and 
may be related to the synthesis itself[35-37]. Blue shifts in the 
carbonyl band were observed with increasing Sm content and 
may indicate some polymerization interaction between the 
components. The increasing content of lanthanide resulted in 
the appearance of a band at 2935 cm-1 region, more evident 
in samples of Sm 10% to 25% and Ho 20% and 25%, being 
related to C-H bonds.

3.2 X-ray diffractometry

Figure 2 shows the diffractograms of the pure polyurethane 
sample and samples containing Sm2O3 (samples Sm 5% to 
25%). A characteristic band of pure polyurethane is observed 
around 19º, although it is wide in relation to other previous 
studies, indicating low crystallinity[32,33,38]. Furthermore, the 
absence of bands at 11° shows that the polyurethane is of 

the soft type, given that the polyol hydroxyl groups change 
the product’s crosslinking[32].

The samples containing Sm2O3 showed peaks at 28,3°, 
29,3°, 29,9°, 31,3°, 32,1°, and 32,9°, which are characteristic of 
monoclinic Sm2O3, according to the JCPDS 84-1878 sheet[39-41]. 
Furthermore, such peaks show that the material is a composite, 
since the Sm2O3 remained crystalline, forming a multiphase 
material with the polyurethane or different components on 
a microscopic scale. This characteristic is consistent with 
other works involving composites of metal oxides with 
polyurethane[42-44].

In the work of Deng et al.[43], pure polyurethane also 
showed an enlarged band around 19º, which was no longer 
identified with the addition of only a 2% mass ratio of ZrO2, 
a relative amount much lower than the present work[44]. Other 
authors also attribute the decrease in the characteristic peak 
of polyurethane to the excessive addition of the oxide, in 
that case, TiO2, which leads to the formation of additional 
phase aggregates and ends up reducing the crystallinity, 
again with only a 2% mass ratio[43].

Figure 3 shows the diffractograms of the pure polyurethane 
sample and samples containing Ho2O3 (samples Ho 5% to 
25%). The behavior observed in the Ho samples is similar to 
that of samples containing Sm2O3 (Figure 2). In this way, it is 
possible to state that it is a soft polyurethane composite with 
Ho2O3. The peaks in the diffractogram at 20,6°, 29,2°, 33,9° 
and 35,9° are characteristic of cubic Ho2O3, in accordance 
with the JCPDS 83-0932 sheet[45,46].

The results for the addition of Ho2O3 in the polymeric matrix 
are also comparable to those previously obtained and discussed 
in the literature. Larger relative masses, such as 30% of Fe2O3, 
also indicated peaks corresponding only to the oxide, while 
the pure polyurethane showed only the broad band at 19º[42].

3.3 Thermogravimetry (TG)

The TG and DTG curves of all samples with samarium 
are shown in figures 4 and 5. Table 1 contains Tmax and mass 
values for the decomposition peaks presented by samples.

According to the literature[32], PU presents three major 
thermal events atributted of decomposition reaction. First, 

Figure 2. X-ray diffractograms of samples containing 5%, 10%, 
15%, 20%, and 25% Sm2O3.
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the break of urethane bonds and second thermal event, which 
can be separated into two steps, the ester decomposition, 
the latter being separated into two steps, also observed by 
others in a similar composite[47]. The authors state that the 
first step occurs, approximately, from 200 to 350°C, and 
the second and third range from 350 to 535°C, similar to 
that which was observed in figure 5. These observations 
suggest that all thermal decompositions observed are related 
to the PU matrix[32].

It is possible to observe that the increased content of Sm 
produced greater thermal stability through decreased mass loss 
and higher Tmax between 200 and 350 °C, being related to the 
break of urethane bonds, except for HPU Sm 15%. This suggests 
that the presence of lanthanide hinders the decomposition of 
this type of bonding. Alterations in FTIR bands can be observed 
above, where the addition of lanthanides modified isocyanate 
and carbonyl regions, also observed in the literature[21,23,24] and 
highlighted by Wang et al.[47]. Further investigations should be 
performed to better understand these.

Only HPU Sm 20% maintained the lowest mass loss rate 
during the entire analysis, presenting the greater remaining 
mass of 19.42%, with the highest Tmax value for the second 
decomposition peak amongst all samples with Sm, which 
may be related to the highest alteration on the carbonyl and 
isocyanate bands, as observed in FTIR results. However, all 
samples with Sm presented a lower Tmax value for this peak, 
compared to pure HPU. As expected, the greater percentage of 
Sm in the sample composition increased the remaining mass, 
except for HPU Sm 25%, presenting the lowest remaining 
mass of all samples, which may indicate that this amount of 
Sm did not play an important role in the HPU decomposition, 
since its FTIR spectrum presented lower alterations.

Additionally, the TG and DTG curves of all samples 
with holmium are shown in Figures 6 and 7. Table 2 also 
contains Tmax and mass values for the decomposition peaks 
presented by samples.

The same observation made for the samples with 
samarium is replicated in the samples with holmium, i.e., 
presenting three major steps of decomposition[32,47].

Figure 3. X-ray diffractograms of samples containing 5%, 10%, 
15%, 20%, and 25% Ho2O3.

Figure 4. TG curves of all samples with samarium.

Figure 5. DTG curves of all samples with samarium.

Table 1. Values of Tmax for each sample with samarium obtained by the decomposition steps and the approximate mass loss.

Sample 1st step (°C) Mass loss* (%) 2nd step (°C) Mass loss* (%) 3rd step (°C) Remaining 
mass** (%)

HPU 240.31 6.64 365.46 40.89 474.07 17.78
HPU Sm 5% 250.95 2.84 348.68 28.12 473.60 14.10
HPU Sm 10% 261.79 3.32 348.61 25.91 493.57 16.98
HPU Sm 15% 252.91 6.89 342.93 32.28 474.46 18.26
HPU Sm 20% 241.34 3.86 359.32 29.24 481.67 19.42
HPU Sm 25% 252.39 5.87 346.83 32.81 490.61 9.93

*Mass loss up to this point. **Obtained from the last point of TG curve.
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The presence of holmium also promoted higher thermal 
stability on the samples, observed through the decreased mass 
loss presented after the decomposition steps occurred, except 
for the sample HPU Ho 10%, which showed a particular 
behavior, presenting higher and non-linear mass loss in the 
first and second steps of decomposition and lower remaining 
mass. This sample had the highest alteration in the FTIR 
spectrum, with increased intensities for hydroxyl groups, 
C-H, and carbonyl bands, indicating some interactions may 
have occurred, modifying the decomposition kinetics[21,24,47].

Can be observed that all samples presented a decreased 
Tmax value for the second decomposition peak, indicating 

that the presence of lanthanide should have promoted an 
intensified ester decomposition[32]. Samples HPU Ho 5%, 
and 25% presented higher thermal stability during the entire 
analysis, with the highest Tmax and remaining mass values for 
all decomposition peaks, similar to that observed for HPU 
Sm 20%. In general, samples with the greater amount of 
holmium did not present a linear behavior of remaining mass, 
which may indicate a formation of complexes that promote 
higher or lower decomposition of the HPU matrix, which 
should be systematically investigated, already mentioned 
by others[47].

Philip et al.[24] observed some alterations in carbonyl 
bands with the addition of lanthanide complexes in the 
PMMA matrix, confirming through several microscopy 
techniques the presence of lanthanide complexes within 
the PMMA matrix due to its porous surface, which may 
have also occurred here to HPU[24]. Nevertheless, higher 
alterations in hydroxyl, isocyanate, and carbonyl bands 
may have played a role in this observation[21,24].

The presence of both lanthanides increased the thermal 
stability of urethane bonds of HPU, observed through higher 
Tmax and lower mass loss values for the first decomposition 
peak. Regarding the ester decomposition second peak, the 
presence of both lanthanides intensified its decomposition, 
through lower Tmax observed, but maintained some thermal 
stability through lower mass loss.

3.4 Optic microscopy

In Figure 8b, it can be noticed that the HPU cells 
containing 5% Ho present a certain regularity in size 
with an elliptical shape. However, when the amount of 
holmium is increased, cells begin to lose this regularity, 
as in Figure 8c, d, e, and f, thus showing the appearance 
of tears within their morphology, as well as demonstrating 
smaller cell dimensions[48].

The decrease in the size of the polymer cell is observed 
with the increase of the holmium mass amount, which may 
indicate an increase in cell crosslinking and which may end 
up affecting the cell nucleation process[49].

By cross-sectional view analysis of the control foam 
we can be seen that it had the largest cell dimension when 
compared to the foams containing Ho and Sm, shown in 
Figure 9. This phenomenon can be explained by the reaction 
of isocyanate with the polyol, in which one of its products is 
carbon dioxide (CO2), which demonstrates that the addition 
of lanthanides ends up proportionally decreasing the size 
of the foam cells, which may end up diffusing within the 

Table 2. Values of Tmax for each sample with holmium obtained by the decomposition steps and the approximate mass loss.

Sample 1st step (°C) Mass loss* (%) 2nd step (°C) Mass loss* (%) 3rd step (°C) Remaining 
mass** (%)

HPU 240.31 6.64 365.46 40.89 474.07 17.78
HPU Ho 5% 259.92 4.87 359.47 30.12 498.39 21.69
HPU Ho 10% 243.73 8.58 391.06 55.4 460.71 3.89
HPU Ho 15% 246.00 3.50 348.21 31.48 431.84 9.62
HPU Ho 20% 246.79 3.55 354.76 28.43 493.62 17.97
HPU Ho 25% 247.94 6.54 359.52 36.40 497.53 21.07

*Mass loss up to this point. **Obtained from the last point of TG curve.

Figure 6. TG curves of all samples with holmium.

Figure 7. DTG curves of all samples with holmium.
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lanthanide structure since the control foam had the largest 
pores of all foams[2,50].

Analyzing the morphologies of structures containing 
HPU with samarium in the cross-sectional view, it can 
be seen that cells containing 5% Sm mass, Figure 9a, are 
larger than those containing 5% Ho, Figure 8b. Thus, the 
addition of a samarium can significantly influence cell size 
and shape[51,52].

In addition, due to the morphological structure presenting 
itself as a polygon shape, this may indicate a lower stability 
due to its interface area, since the greater the cell interface 
area, the greater its surface energy[53]. The increase in 
the amount of samarium relative mass caused the cells 
to decrease in size due to the interfacial adhesion of the 
inorganic load as demonstrated in Figures 9b, c, d, and e, 
which may indicate that samarium has a hydrophobic surface 
nature, which when in contact with the hydrophilic matrix 

of the HPU ends up causing a collapse between cells. This 
phenomenon is even more noticeable when increasing the 
amount of samarium inside the matrix[54].

4. Conclusions

Through the FTIR technique, it was possible to observe 
that successfully obtained polyurethane foams containing 
holmium oxide and samarium oxide, by means of the 
vibrational spectra of urethane bond formation. The addition 
of lanthanide oxides caused shifts in the main FTIR and 
Raman bands, which may indicate a potential interaction 
with the reagents used, such as polyol and isocyanate.

The XRD technique demonstrated the presence of 
two distinct phases: one related to the low crystallinity 
of the polyurethane and the other due to the crystallinity 
of the lanthanide oxides. The morphology analyzed 

Figure 8. Morphology of the cross-section structure of HPU foams with 35x magnification containing holmium: (a) Control or HPU; (b) 
Ho 5%; (c) Ho 10%; (d) Ho 15%; (e) Ho 20%, and (f) Ho 25%.

Figure 9. Morphology of the cross-section structure of HPU foams with 35x magnification containing samarium: (a) Sm 5%; (b) Sm 
10%; (c) Sm 15%; (d) Sm 20%, and (e) Sm 25%.
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through the optical microscope showed that the addition 
of lanthanides proportionally altered the shape and size of 
the cells. Thermogravimetric analyses demonstrated that 
the incorporation of holmium and samarium improved 
the thermal properties of the material, which, with further 
investigation, could be used as flame retardants.
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