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Thermoplastic Polyurethane Synthesis Using POSS as a Chain Modifier
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In this study, thermoplastic polyurethanes (TPUs) were synthesized using the one-shot process in 
solution. To obtain the samples n-phenylaminopropyl polyhedric oligomeric silsesquioxane (POSS) 
was added as a chain modifier during the synthesis in four different amounts. The samples were 
characterized by infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC) and capillary rheometry. FTIR confirm the TPU attainment due the absence of 
the band at ~2253 cm–1 suggesting a complete conversion of the isocyanate terminations. The TGA 
showed that incorporation of POSS decreased the rate of mass loss of TPU under isothermal conditions. 
The flexible phase showed an enhanced stability to temperature, probably due to increased phase 
separation between the rigid and flexible domains. The DSC showed that incorporation of 0.4 wt. (%) 
of POSS increased the glass transition temperature of the flexible phase. Moreover, addition of POSS 
modified the melting behaviour, providing samples with a higher melting enthalpy compared to neat 
TPU as a consequence of the formation of larger crystals. The capillary rheometry analysis revels 
that the POSS addition showed a clear tendency toward higher intrinsic viscosities as the amount of 
POSS was increased.
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1. Introduction
With a wide variety of applications, the chemical 

versatility of polyurethanes (PUs) has led to a new class of 
high performance materials for use as paints and varnishes, 
adhesives, resins, fibers, elastomers, etc.1,2.

The building blocks used to obtain PUs, both 
thermoplastics and thermosets, are diisocyanates and 
polyisocyanates, as well as compounds with a broad array 
of molar masses containing two or more hydroxyl groups. 
The isocyanate (–N=C=O) and hydroxyl (–OH) groups 
react forming the urethane group3,4. The thermoplastic 
polyurethanes (TPUs) were the first thermoplastic 
elastomers (TPEs) to be discovered, and one of the most 
important of this class of materials. The TPEs possess a 
different structure and morphology compared to thermoset 
elastomers, often lacking the usual crosslinkings created 
by the addition of curing agents. TPUs show distinct 
microphases: the flexible domains, which are generally 
amorphous, have a glass transition temperature (Tg) below 
room temperature and are responsible for the properties 
being similar to those of the normal elastomers; and rigid 
domains, segments that act as physical crosslinks, with a 
relatively high Tg5,6. The rigid segment is thermally labile, 
allowing the material to be processed through the techniques 
normally applied to other thermoplastics4,7,8.

The TPU properties are the result from the combination 
of the rigid and flexible domain, consisting of coiled long 
polymeric chains, which are also present in the structure 
of conventional elastomers, the segment orientation, 
the amount of hydrogen bonds and other intermolecular 
interactions9.

As a disadvantage, the TPUs show considerable 
susceptibility to thermal and thermo-oxidative degradation 
over the temperature range required to process the material10. 
The urethane group has a low thermal stability, due to 
its reversible dissociation into isocyanate and alcohol at 
temperatures around 150-200 °C11,12.

The urethane group dissociation causes a fast decrease 
in the polymer molar mass, modifying the viscosity, 
crystallization behavior and even mechanical properties, 
during controlled analysis or common methods of 
processing in the melt state12. The thermal stability of 
the urethane group is dependent on the nature of the 
polyol chain, the chain extender and the isocyanate used. 
Several attempts to enhance the urethane group stability 
have been reported, through the addition of thermally 
stable isocyanates, alcohols and chain extenders5. Such 
modifications change the system processability, and 
sometimes the low temperature properties.

In this study, a polyhedric oligomeric silsesquioxane 
(POSS) is proposed as a stabilizing agent considering the 
thermal properties of the urethane group13,14. The POSS 
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structure was first reported in 1946. However, it has recently 
received greater attention due to its unique structure. It 
is formed of a cage-shaped inorganic nucleus, usually 
closed, comprising silicon and oxygen atoms. In monomer 
form, POSS molecules crystallize as spheres within a 
rhombohedral (or hexagonal) lattice with well-defined 
melting points that depend on the vertex group. Commonly, 
such vertex groups are linear or cyclic aliphatic molecules, 
engendering strong hydrophobicity to the POSS molecule. 
Depending on their compatibility with the polymer 
matrix, POSS moieties can either disperse nearly within a 
molecular level or aggregate into nanoscale domains13. The 
average size of the nucleus is 1.5 nm, and it is surrounded 
by functional organic groups. The POSS nanoscopic size 
allows reinforcement of the polymeric segments in which it 
is included, controlling the chain mobility at the molecular 
level15. These effects are related to the surface area and 
chemical interactions imposed by the nanoreinforcement 
of the polymeric chain, and its effect is analogous to the 
macroscopic reinforcement obtained by the addition of 
fibers to a polymeric matrix in composite structures16,17. The 
unique characteristics of POSS make it a promising reagent 
in the attempt to thermally stabilize the urethane group and 
to evaluate the resulting thermal properties1.

In this way, the literature lacks works on the influence 
of POSS on the thermal stability of TPU nanocomposites. 
So, this work focus in evaluate the thermal stability, thermal 
resistance and the glass transition values of neat TPU and 
TPU with addition of POSS in amounts of 0.2, 0.4 and 0.6% 
in weight. On the other hand, FTIR was used to confirm if 
the synthesis process was a reaction completely effective. 
Also, the capillary rheometry was used to evaluated the 
nanocomposites rheological behaviour at higher shear rates.

2. Material and Methods

2.1. Materials

The materials used were a 4,4’-diphenylmethane 
diisocyanate (MDI) based pre-polymer (Urecon 185, 
Coim, with 18% free –N=C=O), hydroquinone 
bis-(2-hydroxyethyl)ether (HQEE, Sigma-Aldrich, 98%), 
n-phenylaminopropyl-polyhedric oligomeric silsesquioxane 
(POSS, Hybrid Plastics) and methyl ethyl ketone (MEK, 
Lafan Química Fina, P.A.) as a solvent. The MEK was 
dried using a molecular sieve. All other reagents were used 
as supplied.

2.2. TPU Synthesis

The synthesis of the polymer with POSS incorporated 
into the main chain was carried out in a one-shot process, 
in a solution of MEK, in an open system with a constant 
flow of nitrogen. The nitrogen was previously saturated 
with MEK vapor, and the system was mechanically stirred 
at 90 rpm. The nitrogen flow was set at 50 mL/min, and the 
reaction was carried out for 120 minutes. The stoichiometry 
was set to maintain an NCO index around 98%, according 
to the Equation 1 below.
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The material obtained was removed from the reactor and 
transferred to a single joint glass container, connected to a 
spiral condenser. This system was maintained under heating 
for 22 hours in an oil bath for post-curing. The resulting 
samples were separated from the solvent through vacuum 
filtration and dried in a vacuum oven for 72 hours. Neat 
TPU and TPUs samples with 0.2, 0.4 and 0.6% by weight 
of POSS were obtained in triplicate.

2.3. Attenuated total reflectance spectroscopy 
(ATR)

The Fourier transform infrared spectroscopy analysis 
was carried on a Nicolet Impact 400 spectrometer, with a 
scanning range of between 400 and 4000 cm–1. The TPUs 
obtained were scanned in solid dust form, previously dried at 
70 °C in an air circulation oven for 48 hours. Samples were 
compressed in order to obtain maximum contact, yielding 
surface spectra.

2.4. Thermal analysis

Thermal analysis (Shimadzu, TGA50) were carried out 
in triplicate under nitrogen atmosphere, with a flow rate of 
50 mL/min. Samples had an approximate mass of 10 mg. 
The heating rate used was 10 °C/min and the temperature 
range was 25 to 810 °C.

Using the same equipment mentioned above, samples 
of around 10 mg were quickly heated (40 °C/min) to 
temperatures of 210, 230, 260 and 280 °C, and keep at each 
temperature for 60 minutes.

2.5. Differential scanning calorimetry (DSC)

Samples with an average mass of 10 mg were analyzed 
in triplicate with a differential scanning calorimeter 
(DSC, Shimadzu, DSC60), contained in hermetically 
sealed aluminum pans. The analysis was carried under 
nitrogen atmosphere, with a flow rate of 50 mL/min, over 
a temperature range from – 50 to 270 °C.

2.6. Capillary rheometry

The capillary rheometry analysis (Galaxy III 9052, 
Kayeness) was carried according to the ASTM D3895-9618, 
at the temperature of 230 °C, using a capillary with L/D = 20. 
The pre-determined shear rates were approximately 100, 
200, 300, 500 and 700/s. The preset values were corrected 
using the Rabinowitsch correction19.

3. Results and Discussion

3.1. Attenuated total reflectance spectroscopy 
(ATR)

The Figure 1 showed the FTIR spectra for the neat 
reagents, also they chemical structure and the most 
important groups on MDI, HQEE and POSS reagents. 
The Figure 1a of the pre-polymer presents in detail a 
strong band at approximately 2253 cm–1 assigned to NCO 
groups1,13. Figure 1b showed the prominent band at about 
3500-3000 cm–1 assigned to OH groups, and CH

2
 and CH

3
 

stretching bands at 2930-2869 cm–1 characteristic of the 
HQEE structure20. Figure 1c shows the band at 3300 cm–1 
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ascribed to NH groups and stretching of CH
(Ar)

 from aromatic 
groups in 3040 cm–1 both assigned to n-phenylaminopropyl 
radical structure. Also, the characteristics POSS bands Si–O 
and Si–O–R appears in the range between 1400-1000 cm–1[13].

The Figure 2 presents the four samples synthesized. 
Initially the spectra of the four samples in Figure 2 were 
compared with the reagents spectra in Figure 1. The different 
TPUs, regardless of the amount of POSS added to the 

formulation, showed very similar spectra. The Figure 2 
showed the prominent band at about 3400-3200 cm–1 
assigned to OH groups. As an expected consequence, 
unreacted hydroxyl and secondary amines, as well as the 
N–H group present in the urethane and urea, were detected 
as a single peak in the same region. As the characteristic 
peaks of each above-mentioned group are all present in the 
same general region, the spectra shows a single peak with 
medium intensity and a large area. The aforementioned 
groups are present at the polymer chain ends, and at the end 
of the organic functions attached to the POSS nuclei20,21. 
The absorption peak observed between 3043-3041 cm–1 is 
associated with the presence of aromatic rings in the MDI, 
HQEE and organic terminations of the POSS (Figure 1). 
Peaks immediately below the 3000 cm–1 region show 
the presence of C–H bonds, confirmed in the region of 
1455-1414 cm–1[15].

The characteristic N=C=O peak at approximately 
2253 cm–1 was absent in Figure 2, suggesting a complete 
conversion of the isocyanate terminations presents on MDI 
reagent in Figure 1a into urethane and urea groups. This is 
an indicative of completely reaction as showed on the detail 
region in Figure 1a and Figure 213. Because of the excellent 
compatibility of POSS in TPU, when the POSS content 
was overdue, all the NCO groups would react with POSS1.

The absorption at 1732-1703 cm–1 is associated with 
the C=O groups in free urethanes20, which are present in the 
urethane groups, and also ester groups present in the polyol 
chains of the pre-polymer. Absorption at 1595 cm–1 is also 
characteristic of the above-mentioned aromatic groups. 
Further evidence of the presence of N–H groups is detected 
through peaks in the 1532-1508 cm–1 region, consistent 
with the expected formation of urethane groups and the 
presence of associated secondary amines from the organic 
groups attached to the POSS nuclei20,21. Peaks situated at 
1310-1308 cm–1 correspond to the C–O group present in 
esters and those in the range of 1238-1223 cm–1 are related to 
three different groups, these being aliphatic C–N, aromatic 
C–N and C–O in ethers. As all three groups are present in 
the formulation, overlapping of the above-mentioned peaks 
is likely to occur20.

Figure 1. FTIR spectra of TPU reagents: a) pre-polymer; b) HQEE 
and; c) POSS.

Figure 2. FTIR spectra of synthesized TPU using different amounts 
of POSS.
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The Si–O and Si–O–R groups, with a characteristic peak 
in the 1100-1000 cm–1 region13,21-22, cannot be distinguished 
from the esther groups detected at 1124-1070 cm–1. 
Such groups are present in the polyol component of 
the pre-polymer, and the small amount of POSS in the 
formulation probably cannot be detected due to overlapping 
of the ether group peaks. Observation of the absorption 
characteristics below 1000 cm–1 is used to characterize the 
position of substitution of the aromatic rings dispersed in the 
polymer chain of the synthesized TPU20, where at ~829 cm–1 
the p-substituted aromatic rings, present from the MDI 
and HQEE, are detected; and the peaks at 770-747 cm–1 
are characteristic of the mono-substituted aromatic rings 
of the n-phenyl groups of the POSS21. Based on the FTIR 
results, the development synthesized process shows to be 
an attractive method to obtain TPU/POSS nanocomposites 
without traces of unreacted NCO groups.

3.2. Thermal stability

For the synthesized TPUs, samples decomposed 
mainly in two steps. The first step could be attributed to the 
degradation of the hard or rigid domains of the TPU, and 
is commonly related to urethane break bonds, occurring 
between 250-350 °C. The second step could be related to 
the degradation of the elastic or flexible segments, and this 
event is situated in the range of 350-500 °C1,23. By increasing 
the POSS content, a shift to higher temperatures, for the 
first and the second range of degradation, can be noted in 
Table 1 despite the relatively small amount of POSS added.

According to Liu et al.24, the higher thermal stability 
of the TPU/POSS nanocomposites may be associated with 
an arrangement of interconnected structures involving the 
polymer matrix and POSS cages, promotes a significant 
effect on the TPU rigid domain. As showed in the Table 1, 
the peak temperature increases from 333.9 ± 0.1 to 
352.1 ± 1.8. The increase in the thermal stability is related 
also to the barrier effect caused by the formation of inert 
silicate layers that can act as a heat transfer barrier, since 
POSS is an inorganic material and has lower thermal 
conductivity than the regular carbon segments25. In addition 
POSS tends to crystallize in two dimensions in a format of 
lamellar structures26.

There are significant changes in the on set and peak 
temperatures of the flexible domain, as well. As showed 
in Table 1, the peak temperatures for TPU/POSS samples 
improve approximately 13 °C when compared with neat 
TPU. These results may be due to the presence of urea 
groups, formed by the reaction with the secondary amine 

group attached to the POSS nuclei. The urea group, as 
well as the urethane group and the POSS, are highly polar, 
and thus it is difficult to separate each exact degradation 
temperature due to possible overlapping of each degradation 
phenomenon. The POSS can also induce a higher phase 
separation21, causing changes in the degradation mechanism 
of the flexible domain. These improvements are associated 
with the increase in the POSS ramification flexibility as well 
a reduction in the average crosslink density24,27-28. Also the 
resulting properties are dependent on the reactivity of the 
functional groups present in the nanocages29.

3.3. Thermal resistance

According to the data obtained from the curves (Figure 3 
and Table 2), the measured mass losses were slightly lower 
in the TPUs with POSS additions. The 0.4% POSS presented 
the lowest mass loss at all temperatures, except at 260 °C, 
probably due to a lower molar mass in that specific sample. 
Further addition of POSS yielded polymers with slightly 
higher mass loss. The change in behavior can be explained 
by the addition of urea groups, through the reaction of 
isocyanates with the secondary amine groups present in the 
POSS. Urea groups are more stable than urethane groups, 
leading to an increase in thermal resistance20.

These could be attributed to the consolidation effects 
which could be interpreted on the following two factors. 

Table 1. Thermal stability of the synthesized TPUs.

POSS 
Fraction 

(%)

Onsetd-r 

(°C)
Td-r  

(°C)
Onsetd-f 

(°C)
Td-f  

(°C)

0.0 295.4 ± 2.3 333.9 ± 0.1 367.2 ± 2.4 375.6 ± 0.8

0.2 296.4 ± 0.6 352.1 ± 1.8 381.1 ± 1.7 392.6 ± 3.0

0.4 299.6 ± 1.3 348.2 ± 0.8 378.1 ± 0.3 392.3 ± 0.1

0.6 298.5 ± 2.5 348.3 ± 0.7 379.0 ± 1.2 404.4 ± 2.4
Notes: Subscribed ‘f’ refers to the flexible domain and r to the rigid domain 
in the polymer. Figure 3. TGA curves of TPUs at (a) at 260 °C and; (b) at 280 °C.
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(1) The TPU chain movement may was restricted by the 
increasing crosslinking density of materials as POSS content 
increased. (2) When POSS content was low, TPU/POSS 
nanocomposites exhibited rubberlike properties because of 
the main part of the composite was soft segments1.

3.4. Differential scanning calorimetry (DSC)

The DSC heating traces for all of our samples, while 
glass transition temperatures, melting points, and latent 
heats of melting are summarized in Table 3. The average 
melting temperature (Tm) was significantly higher for the 
obtained TPUs, comparing polymers using 1,4-buthanediol 
(BDO) as a short chain extender23,30. Comparing the 
different formulations, melting temperatures does not show 
significant changes with the addition of POSS. According 
to the Flory-Huggins theory31, a melting temperature 
increase indicates a comparably unfavorable interaction 
between components, in this case, the TPU and POSS. 
Considering this theory, the addition of POSS drives 
stronger phase separation of the TPU hard segment from 
the amorphous phase in POSS TPUs, leading to enhanced 
POSS crystallization15.

The melting enthalpy showed appreciable changes only 
for TPUs with 0.4% addition of POSS; the glass transition 
temperature of flexible phase (T

g-f
) values consequently 

being higher due to the lower chain mobility. These findings 
indicate changes in the amount of crystal and the size of 
such structures sizes, where even relatively small amounts 
of POSS interfere with the polymer chain interactions. The 
non-linear behavior may be due to crosslinking occurring 
in the TPU during the synthesis, which can be induced by 
the presence of moisture remaining in the system, as well 
as the amount of functional groups attached to the POSS 
nuclei (eight secondary amine groups per POSS molecule).

Xu et al.32,33 investigated the Tg enhancement mechanism 
of POSS-based hybrid polymers employing FTIR spectra 
and reported that a strong interaction between POSS 
siloxane and the polar carbonyl group contributes to a 

significant Tg increase. In good agreement with their 
observations, we also found that, for instance, the FTIR 
spectrum of TPU/POSS exhibited peaks at 1310-1070 cm–1 
(Figure 2). In our case, the polar groups, which induce the 
dipole-dipole interaction with POSS siloxane, could be the 
carbonyl group and/or ether group of the TPU backbone. 
Because of the microphase-separated microstructure, this 
dipole-dipole interaction might mainly take place at the 
interface between the POSS and the TPU. This increase in 
Tg with POSS loading, despite the microphase-separated 
microstructure, indicates an interfacial effect where in the 
rigid POSS phase decreases segmental flexibility of the 
adjacent TPU phase, leading to the Tg enhancement13. The 
exception of 0.4% POSS may be due to the high crystallinity 
of TPU domains for that sample. In addition, as POSS 
loadings increased, the crosslinking density of TPU/POSS 
network increased and the free volumes of the network 
decreased rapidly, thus the Tg of the network increased1.

3.5. Capillary rheometry

While rheology is not the focus of the present paper, it 
is well know that changes in the thermal behavior reflect in 
rheological properties of dispersions systems such as the 
present TPU/POSS34. The addition of POSS showed a clear 
tendency toward higher intrinsic viscosities as the amount 
of the above-mentioned chain modifier was increased. 
Samples tended toward a linear pseudoplastic behaviour, 
with a higher amount of POSS leading to higher intrinsic 
viscosities at all shear rates evaluated. The incorporation 
of POSS into the TPU backbone produced a significant 
change in the viscosity. The viscosity increases linearly 
with POSS, corroborating the reinforcing efficiency of 
POSS in the TPU backbone. The viscosity strongly depends 
on frequency (Figure 4), revealing the non-Newtonian 
behavior of TPU/POSS composites in which the viscosity 
at low frequencies is significantly higher than that obtained 
at high frequencies34.

The POSS restraint the movement of flexible domain 
probably by the formation of silicate layers, and as 
consequence the viscosity increase. Similar behaviour was 
also found by Nanda et al.34 in Polyurethane/POSS Hybrid 

Table 3. DSC data for the neat TPU and TPU/POSS samples.

POSS 
fraction 

(%)
Tm (°C) DHm(J.g-1) Tg-f (°C) Tg-r (°C)

0.0 237.7 ±2.8 -37.8 ±0.4 -13.4 ±0.6 97.7 ±1.7

0.2 244.1 ±2.5 -37.8 ±3.5 -17.6 ±3.1 102.4 ±0.5

0.4 244.2 ±0.3 -44.4 ±1.2 -12.7 ±1.2 98.9 ±3.1

0.6 243.0 ±2.8 -33.8 ±1.2 -21.2 ±3.8 102.0 ±0.5
Notes: Subscribed ‘f’ refers to the flexible domain and “r” to the rigid 
domain in the polymer.

Table 2. TPU mass loss as a function of temperature.

% POSS
Mass loss (%)

210 °C 230 °C 260 °C 280 °C

0.0 1.6 ± 0.3 2.2 ± 0.2 9.4 ± 0.3 28.6 ± 0.6

0.2 1.4 ± 0.1 1.5 ± 0.2 9.2 ± 0.3 28.0 ± 0.3

0.4 1.2 ± 0.1 1.5 ± 0.1 10.6 ± 0.6 27.6 ± 0.7

0.6 1.5 ± 0.2 1.8 ± 0.1 10.1 ± 0.4 29.8 ± 0.3

Figure 4. Intrinsic viscosity as a function of shear rate for the 
studied TPUs.
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system. On the other hand, the inert silicate layers may act 
as a heat transfer barrier, and the thermal properties can also 
improved24,25, as can be seen in Table 1 and Table 2. Other 
functional groups could be formed from the isocyanate, such 
as the isocyanurate, which have a higher thermal stability 
than urethane groups23. However, such groups can lead to 
the formation of ramifications and possible crosslinking in 
the polymer chain. The DSC analysis did not show evidence 
of this behaviour, considering that the Tm remained roughly 
the same for all samples, and no significant decrease in the 
melting enthalpy was observed, although some degree of 
crosslinking and ramification would be expected, due to the 
amount of functional groups attached to the POSS nuclei.

4. Conclusions
TPUs were successfully synthesized from the proposed 

reagents, with an apparent incorporation of POSS in the 
main polymer chain due the absent of the band at 2253 cm–1 

assigned to NCO groups. Based on the FTIR results, the 
development synthesized process shows to be an attractive 
method to obtain TPU/POSS nanocomposites.

The insertion of POSS on TPU backbone increased 
the thermal stability of the rigid and flexible domain. The 
thermal resistance also improved with POSS addition, 
resulting in comparatively lower mass loss during isothermal 

TGA. The improve in both thermal properties may be related 
to the barrier effect caused by the formation of inert silicate 
layers that can act as a heat transfer barriers, in addition 
POSS is an inorganic material and has lower thermal 
conductivity than the regular carbon segments from the 
polymer matrix. On the other hand, the DSC analysis showed 
an increase in Tg of flexible and rigid domains with POSS 
loading, has a result of restricts imposed to the movement of 
TPU chain segments. Moreover, the viscosity also increase 
due the restricts imposed by POSS to polymer segments.

In general, the modifications in the thermal properties 
of TPUs are probably influenced by an increased phase 
separation imposed by the volume of the POSS nuclei, 
formation of inert silicate layers, restriction of the chain 
mobility due the POSS addition, as well as the degree 
of crosslinking, and probably by the presence of more 
thermally stable urea groups.
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