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A B S T R A C T   

Organic-inorganic hybrid materials combine the advantages of both phases: hardness and strength of inorganic 
phase and elasticity and toughness of the organic matrix. In the present study, we have prepared nanocomposites 
with a poly(thiourethane) polymeric matrix and silsesquioxane-type structures, with thiols as reactive groups 
(POSS-A or POSS-B, synthesized in different pressure conditions), looking for a covalent interaction between both 
phases, and good dispersion. Due to the click behavior of the reaction between the isocyanate and the thiol 
groups, highly homogeneous materials are obtained. Both monomers, catalyst (dibutyltin dilaurate, DBTDL), and 
the POSS precursor (3-mercaptopropyl trimethoxysilane, MPTMS), are commercially available, which present 
the advantage of being industrially scalable. The incorporation of POSS leads to an increase in glassy and rubbery 
storage moduli and the temperature of the maximum of tan δ curve. The vitrimeric behavior of the poly(thio
urethanes) improved with the POSS incorporation, getting lower relaxation times. With a higher proportion of 
closed cages, POSS-B leads to the most significant improvements. All the materials prepared showed high 
transparency and the fracture of POSS modified materials indicates an improved toughness.   

1. Introduction 

In this century, the need to recycle thermosets residues to improve 
the sustainability of our planet has led a large number of researchers to 
develop new materials with these capabilities. As early as 1946, 
Tobolsky et al. [1] reported an unexpected behavior of some types of 
cross-linked polymers when changing the temperature, which allows 
these materials to maintain their mechanical and thermal performance 
but acquire the processability of thermoplastics. These materials, whose 
topology can be changed by thermally activated reversible chemical 
processes, are nowadays known as covalent adaptable networks (CANs) 
[2,3], being vitrimers included in the CANs group. These reversible re
actions allow the reprocessing and recycling of cross-linked polymers 
and can exhibit other characteristics as self-healing or self-welding 
properties [4]. 

Among the thermosets that can be included in the group of CANs, 
poly(urethane)s have been deeply studied [5,6]. Polyurethanes (PUs) 
are of great economic importance since they are one of the most 
consumed thermosets (around 5 % of polymers total production in the 

world) with applications such as coatings, adhesives, foams, and elas
tomers [7,8]. Their thiol analogous, poly(thiourethane)s or poly(thio
carbamate)s (PTUs), can present several advantages over them. For 
example, they can be prepared by a click-reaction between isocyanates 
and thiols, with high conversions and without by-products as allopha
nates, formed during PU preparation, creating homogeneous networks 
[9]. In addition, poly(thiourethane)s are biocompatible and have 
excellent optical properties [10,11]. Recently, we have developed poly 
(thiourethane) materials with vitrimer-like properties and demonstrated 
their easiness of recycling and reshaping [12,13,14]. CANs based on 
PTUs have also been reported by other research teams in low Tg cross
linked materials [15,16]. 

Hybrid organic–inorganic materials were introduced as one of the 
strategies to improve mechanical properties and obtain new high- 
performance polymeric materials. Hybrid materials present a syner
gism that meets the advantages of both organic and inorganic phases: 
hardness and strength of inorganic phase, and elasticity and toughness 
of the organic matrix [17]. There are two different ways of preparing 
this type of material. The first one is through the sol–gel process, which 
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allows the in-situ formation of the inorganic phase by the so-called 
bottom-up approach [18,19,20]. The second system is the addition of 
nano blocks to the matrix or the initial formulation [21], also known as 
the top-down approach. Inorganic nanoscale building blocks include 
graphene, nanotubes, layered silicates, metal nanoparticles, etc., among 
which silica structures and silsesquioxanes (POSS) are viewed as one of 
the most exciting nanofillers [22]. If nano blocks have reactive groups, 
they can become covalently linked to the polymeric matrix, which helps 
to improve the dispersion of these structures and increase the interphase 
interaction, improving some characteristics of the nanocomposites, 
especially their mechanical performance. Because of the nanoscale di
mensions of POSS and several silica structures, the light scattering of 
homogeneous materials can be avoided, and the optical transparent 
nanocomposite materials are suitable for optical applications. The 
addition of nano blocks to reactive formulations is much easier than the 
in-situ sol–gel process since in the latter, small amounts of water are 
needed to perform the reaction, and alcohol molecules are always 
formed, which sometimes leads to the appearance of bubbles in the 
thermoset. In addition, hydrolyzable monomers like isocyanates can 
lead to undesirable side reactions if water is added to the initial 
formulation. 

In the present study, we have investigated the effect of reinforcing 
poly(thiourethane) CANs with thiol-functionalized silica nano
structures. The aim is to achieve a good dispersion of the inorganic 
structures in the polymeric matrix while improving thermomechanical 
characteristics. Therefore, thiol-isocyanate formulations with increasing 
amounts of thiol terminated inorganic SiO2 structures have been cured, 
and the curing process has been followed by calorimetric and FTIR 
studies. The formulations are formed by hexamethylene diisocyanate 
(HDI), the thiol-functionalized silica nanostructure (named POSS), and 
trimethylolpropane tris(3-mercapto propionate) (S3) in stoichiometric 
isocyanate/thiol ratio, using dibutyltin dilaurate (DBTDL) as the cata
lyst. We have synthesized two different nanosilica structures by 
condensation of 3-mercaptopropyl trimethoxysilane (MPTMS) in 
acetone/acidic water solutions at atmospheric pressure (POSS-A) and 
under autogenic pressure (POSS-B). Both oligomeric silica structures 
have thiols as reactive groups, but the use of pressure favors the for
mation of a higher proportion of POSS cages, and therefore, the silica 
reinforcements have different morphology. 

Various articles describe the behavior of silica-reinforced elasto
meric CANs. Legrand et al. [23] reported the effect of reactive and non- 
reactive silica nanoparticles in epoxy composites. They observed an 
increased modulus in the glassy and rubbery state but a slowdown in 
stress relaxation. Surface exchangeable bonds speed up the relaxation of 
composites compared to nonfunctionalized filler and allow better 
dispersion in the matrix. Barabanova et al. [24] demonstrated that silica 
nanoparticles enhance the welding ability of epoxy-anhydride vitrimers 
and increase the topology freezing temperatures. Yang et al. [25] added 
epoxy functionalized POSS to an epoxy-acid formulation. The vitrimeric 
composites improved their mechanical characteristics compared with 
the virgin material and were easily recycled. However, they relaxed the 
stress more slowly. Torkelson and co. [26] reported elastomeric 
reprocessable poly(hydroxyurethane) composites. Whereas when non- 
reactive silica nanoparticles are used, the material is able to recover 
its cross-link density completely after a reprocessing step. Contrarily, 
functionalized nanoparticles with groups that can participate in dy
namic chemistries lead to losses in mechanical properties associated 
with the cross-link density at working temperatures, along with faster 
rates and lower apparent activation energies of stress relaxation at 
higher temperatures. Elastomeric vitrimers with mechanical robustness, 
malleability, and recyclability were described by Guo et al. [27] based 
on the effect of surface silanol moieties. Silica played the role of rein
forcement and cross-linker to endow the networks with chemical and 
mechanical robustness. Moreover, these permanent networks can 
reshuffle the topological structure upon temperature-induced trans- 
oxyalkylation reactions in the elastomer-silica interphase. 

As far as we know, the present study is the first to address the role of 
two different oligomeric silica structures, with more or less content in 
POSS boxes, as nanofillers in the vitrimeric-like behavior of poly(thio
urethane)s with high Tg and excellent characteristics as thermosetting 
materials. The nanocomposites obtained on varying the proportion of 
both types of thiol-functionalized silica nanofillers have been charac
terized from the thermal and mechanical point of view and the relaxa
tion behavior studied by thermomechanical analysis. 

2. Experimental part 

2.1. Materials 

3-Mercaptopropyl trimethoxysilane (MPTMS) from Alfa Aesar. Tri
methylolpropane tris(3-mercapto propionate) (S3), hexamethylene dii
socyanate (HDI), and dibutyltin dilaurate (DBTDL) from Sigma-Aldrich. 
Hydrochloric acid, acetone, and chloroform from Scharlab. All the 
products were used as received. 

2.2. Preparation of octathiol silsesquioxane (POSS) 

2.2.1. At atmospheric pressure (POSS-A) 
Octathiol silsesquioxane (POSS-SH) was prepared according to a 

reported methodology [28] 13.4 g (68 mmol) of MPTMS precursor and 
100 mL of acetone were placed in a flask equipped with reflux and a 
magnetic stirrer. Then, 17.3 mL of conc. hydrochloric acid and 21 mL of 
deionized water were added. The molar ratio HCl:MPTMS was 3:1. After 
48 h at reflux, a white solid was formed. The solid was washed with cold 
acetone several times and dried at 60 ◦C overnight. The resulting 
product was a white powder with a 92 % of yield. This white powder was 
ground and sieved through a 0.05 mm sieve. 

2.2.2. At autogenic pressure (POSS-B) 
The same mixture as in Section 2.2.1 was reacted in a 150 mL 

autoclave reactor, and after 48 h at 90 ◦C, an orange solution was 
formed. This solution was added to cold deionized water, forming a 
yellowish precipitate. The precipitate was separated by centrifugation 
(2000 rpm for 10 min). Then, it was solved again in acetone, dried using 
anhydrous magnesium sulfate, filtered, and the solvent was eliminated 
using reduced pressure. The product was an orange oil with a 36 % of 
yield. 

2.3. Preparation of the formulations 

Formulations were prepared by mixing stoichiometric amounts of 
isocyanate and thiol groups, and the amount of POSS was calculated in 
percentage in weight over the mass of S3. Firstly, POSS and S3 are 
mixed, and then HDI is added and stirred. Finally, the corresponding 
amount of DBTDL is added. Due to the catalyst’s reactivity, even at room 
temperature, formulations cannot be stored for a long time and were 
always maintained at cold. The composition of the formulations tested is 
detailed in Table 1. To 1.58 g (9.4 mmol) of HDI 0.025 g (0.04 mmol) of 
DBTDL were added in all formulations. 

2.4. Sample preparation 

The samples were prepared by pouring the formulations on Petri 
dishes covered with adhesive Teflon to avoid sticking to the glass. The 
formulations were heated at 140 ◦C for 30 min to obtain a flexible 
material able to be removed from the mold, and fully cured in a hot- 
press at 170 ◦C for 60 min under a pressure of 15 MPa. The cured 
samples were die-cut to obtain rectangular specimens of 20 × 5 × 0.5 
mm3. 
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2.5. Characterization techniques 

Solid-state 29Si NMR spectra (29Si CPMAS-NMR) were recorded at 
25 ◦C for the synthesized POSS A and B on a Bruker Advance III 400 MHz 
at a frequency of 79.5 MHz on a 4 mm MAS DVT TRIPLE Resonance HYX 
probe. NMR spectra were obtained with 4000 scans using the following 
parameters: rotor spin rate 10000 Hz, recycling time 5 s, contact time 
2.0 ms, and acquisition time 43 ms. Exponential apodization with a line 
broadening 30 Hz, FT and manual phasing, and baseline correction was 
used when processing the data. 

The thermal stability of the cured samples was evaluated by ther
mogravimetric analysis (TGA), using a Mettler TGA 2 STAR System 
thermo-balance. All experiments were performed under synthetic air 
(flow 50 mL/min). Pieces of 10–15 mg cured samples were degraded 
between 30 and 600 ◦C at a heating rate of 10 ◦C/min. 

FTIR spectra were recorded with a spectrometer Jasco FT/IR 6700, 
with a resolution of 4 cm− 1, in an interval from 650 to 4000 cm− 1, and 
32 scans of each spectrum. The spectrometer was equipped with an 
accessory Specac Golden Gate ATR Tecknokroma. All spectra were 
registered at room temperature. 

The viscoelastic and thermomechanical properties were evaluated 
with a DMA Q800 analyzer from TA Instruments and using a film tension 
clamp. The dependence of tan δ and storage modulus on the temperature 
was investigated in the initial materials and after several stress re
laxations experiments. The samples were tested at a heating rate of 2 ◦C/ 
min from − 25 to 125 ◦C, with a frequency of 1 Hz and 0.1 % of strain. 
Tensile stress relaxation tests were conducted using a film tension clamp 
on samples with the same dimensions as previously defined. The sam
ples were equilibrated at 165 ◦C and left at this temperature for 5 min. 
Then, a constant strain of 1.5 % (to ensure the materials are within the 
linear range) was applied, and the consequent stress level was measured 
as a function of time for 90 min. Then, the temperature was increased to 
5 ◦C, and the process was repeated until a final temperature of 195 ◦C 
was reached. Relaxation stress σ(t) was normalized by the initial stress 
(σo), and the relaxation time (τ) was determined as the time necessary to 
relax 0.37⋅σo. 

With the relaxation times obtained at each temperature, the activa
tion energy values, Ea, were calculated using an Arrhenius-type 
equation: 

ln(τ) = Ea

RT
− ln A (1) 

Where τ is the time needed to attain a stress-relaxation value 
(0.37σ0), A is a pre-exponential factor, and R is the gas constant. The 
temperature of topology freezing (Tv) was obtained from the Arrhenius 
relation as the temperature at which the material reaches a viscosity of 
1012 Pa⋅s. Using Maxwell’s relation and E’ determined from DMA 
(assuming E’ is relatively invariant in the rubbery state), τ* was deter
mined for each sample. The Arrhenius relationship was then extrapo
lated to the corresponding value of τ* to determine Tv for each sample. 

Environmental scanning electron microscopy (ESEM) was used to 
examine the surfaces of the broken materials prepared. A Quanta 600 
environmental scanning electron microscopy (FEI Company, Hillsboro, 
OR, USA) allows collecting micrographs at 10–20 kV and low vacuum 
mode without the need to coat the samples. 

3. Results and discussion 

3.1. Preparation and characterization of thiol-functionalized silica 
nanostructures 

Several authors reported the addition of POSS (silsesquioxane) 
structures as nano blocks to reinforce thermosets [29]. POSS is a three- 
dimensional nanostructure with the generic formula {RSiO3/2}n, where 
R is an organic moiety. The most extended use of POSS in thermosets has 
been reported in epoxy materials. In that case, POSS has been func
tionalized with epoxy [30], amine [31], and hydroxyl groups [32], and 
the thermosets obtained presented improved toughness, stiffness, ther
mal stability, and flame retardancy. In addition, polyimides [33], 
phenolic resins [34], and poly(urethane)s [35,36] have been modified 
by these structures to improve thermal and mechanical characteristics, 
among others. 

In the present work, we have synthesized oligomeric structures 
containing POSS cages with thiol groups that are reactive in front of 
isocyanates producing thiourethane bonds. Thus, the thiol-reactive 
groups in the POSS nanostructures not only contribute to the misci
bility in the organic phase but also lead to crosslinking points due to the 
high functionality of the POSS structure (eight for perfect POSS cages). 
The idealized structure for the thiol-functionalized POSS synthesized in 
this work is depicted in Scheme 1. 

The preparation of POSS derivatives can be summarized in a two- 
step process: the first one is the hydrolysis of a trialkoxysilane, form
ing silanols, followed by their condensation, which eliminates water. 
Some factors that must be controlled are the solvent, catalyst, precursor, 
dilution, time, and temperature [37]. Forming perfectly closed POSS 
cages is not an easy task and usually coexists with other partially closed 
structures or even randomly ordered [38]. 

The synthesis of the two different mercaptopropyl POSS (POSS-A and 
POSS-B) was performed according to the procedure previously reported 
[28] and explained in Section 2.2. To improve the formation of POSS 
cages, POSS-B was synthesized in an autoclave which allows reaching a 
higher temperature and pressure, which predictably leads to a higher 
hydrolysis proportion of alkoxysilane groups and a better condensation 

Table 1 
Composition of the formulations studied in gram and the weight percentage.  

Formulation S3 POSS HDI DBTDL 

g % g % g % g % 

0POSS  2.50  60.90  0.00 0  1.58  38.49  0.025  0.61 
5POSS  2.38  57.98  0.12 2.92  1.58  38.49  0.025  0.61 
10POSS  2.27  55.30  0.23 5.60  1.58  38.49  0.025  0.61 
15POSS  2.17  52.86  0.33 8.04  1.58  38.49  0.025  0.61  

Scheme 1. Idealized structure of the cages of the octathiol POSS synthesized.  
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of the silanols. 
The characterization of POSS structures is usually performed by 29Si- 

CPMAS NMR spectroscopy. As the MPTMPS precursor has three hy
drolyzable groups, different signals attributable to Tn structures can be 
expected (T0, T1, T2, and T3) for trisilanols to completely condensed 
silicon structures. As a general trend, the signals appear at higher 
chemical shifts on increasing the condensation degree (from T0 to T3). 
This is because cubic cage-like structures reduce the valence angles of Si 
atoms, and the density of positive charge is reduced. In linear structures 
or bigger cages, the internal tension is less, and consequently, the signal 
would be high field shifted. The spectra in Fig. 1 show the presence, for 
POSS-A and POSS-B samples, of two partially overlapped peaks that 
correspond to two different chemical environments of the silicon atoms 
in POSS structures. 

According to the values reported in the literature, we assigned the 
signals at − 67 ppm to T3 that correspond to [Si(OSi)3R] and the signals 
at − 58 ppm to T2 that correspond to [Si(OSi)2R(OH)] [18,39]. The 
broadness of both peaks with a partial splitting accounts for a not well- 
defined oligomeric structure. Although this type of spectra is not 
quantitative, it is evident in the spectra the differences in both POSS 
samples prepared by the two different procedures that, in any case, lead 
to a completely closed structure. The material obtained at autogenic 
pressure (POSS-B) presents a higher area ratio T3/T2 than POSS-A ob
tained at atmospheric pressure, indicating a more closed structure for 
POSS-B. In none of the spectra, it was possible to observe signals at 
chemical shifts in the T1 and T0 region, so it can be concluded that the 
degree of condensation reached has been relatively high. 

FTIR spectra can also provide information about the structure of the 
POSS materials prepared. In Fig. 2, the FTIR spectra show some differ
ences in the absorption bands at 1100 cm− 1 (stretching of Si-O-Si in the 
cage structure) and at around 1010 cm− 1 (stretching of the Si-O-Si bond 
of silica network), being the former more intense in POSS-B [40]. 

In the spectrum of POSS-B (autogenic pressure), the relative intensity 
of the Si-O-Si band is higher than in the case of POSS-A (atmospheric 
pressure). Therefore, by this technique, a higher proportion of cage 
POSS structures can be confirmed in POSS-B than in POSS-A, as it was 
observed by 29Si-CPMAS NMR spectroscopy. 

3.2. Study of the curing process 

The curing process of the formulations with the highest amount of 
both POSS synthesized was followed by differential scanning calorim
etry (DSC) and compared with the evolution of the neat formulation. 
Calorimetric curves are shown in Fig. 3, and the most relevant data are 
presented in Table 2. As we can see, the incorporation of POSS delays the 
curing process, increasing the temperature at which the curve reaches 
the maximum. This effect is more pronounced in the case of formulation 
containing POSS-B. From the values of enthalpy measured, it is 
confirmed that the covalent union between the inorganic phase and the 
polymeric matrix has taken place, favoring the interphase interactions 
and helping the dispersion of the inorganic filler in the PTU matrix. 

After the curing process, the FTIR-ATR spectra of cured samples of all 

three formulations were registered to confirm that the complete curing 
was reached. The spectra of these samples are shown in Fig. 4. In the 
spectra, it is possible to observe that the absorption band of isocyanate 
stretching at 2250 cm− 1 has practically disappeared and the small 
remaining absorption could be explained by the topological restrictions 
produced on curing that hinder the reaction between thiol and isocya
nate groups. The weakness of the thiol absorptions does not allow to 
follow its evolution. We can also observe, that the absorption bands of 
thiourethane stretching at 1650 cm− 1 and N-H stretching at 3330 cm− 1 

have been formed. From this technique, no differences are observed 
among neat and modified formulations, confirming that a fully cured 
material is obtained and that the differences observed by calorimetric 
studies are too small to be considered. The main differences observed are 

Fig. 1. 29Si-CPMAS NMR spectra of the two POSS-A (black) and POSS-B (red) 
synthesized. 

Fig. 2. FTIR spectra of the different thiol-functionalized POSS synthesized.  

Fig. 3. Calorimetric curves of neat and filled formulations with a 15 % of 
POSS added. 

Table 2 
Main calorimetric data of the curing process of neat and modified formulations.  

Formulation Tmax
a (◦C) ΔHb (J/g) ΔHc (kJ/eq) 

Neat 131 353 76 
15POSS-A 154 307 67 
15POSS-B 164 330 72  

a Temperature of the maximum of the curing exothermic curve. 
b Enthalpy released on curing by a gram of formulation. 
c Enthalpy released on curing by an equivalent of isocyanate or thiol. 
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related to the O-Si-O region with peaks at 1030 and 1100 cm− 1 due to 
the presence of POSS in the filled materials. 

3.3. Thermal characterization of the nanocomposites 

The thermal stability of the materials prepared was evaluated by 
thermogravimetry (TGA). Fig. 5 shows the first derivative of the weight 
loss and the most interesting data are presented in Table 3. 

As shown in Fig. 5, the degradation occurs in three steps, as previ
ously reported by us [13] for PTUs with different chemical structures. 
The addition of POSS to the formulation does not change the degrada
tion mechanism, and the three peaks (more or less overlapped) are still 
present. The first peak can be attributed to the thiourethane group 
decomposition and the second peak to the β-elimination process of the 
ester groups in the S3 structure, being the peak at the highest temper
ature produced by the complete degradation of the network. From the 
table values, we can see that on increasing the proportion of POSS in the 
material the initial weight loss starts at a lower temperature. This 
behavior is more evident in POSS-A due to the presence of terminal 
groups in the more open silica network. As expected, the char yield at 
600 ◦C determined in the air atmosphere increases with the amount of 
silicon in the material. 

3.4. Morphological characteristics 

The samples’ transparency was observed to analyze the dispersion of 
both POSS structures in the polymeric matrix. Fig. 6 presents the 
photograph of the neat material and with the highest POSS proportions 
confirming a proper dispersion. 

To analyze the effect of the addition of POSS in the microstructure, 
the fracture surface of the neat, 15% POSS A, and 15% POSS B were 
observed after being broken in liquid nitrogen. Fig. 7 presents the SEM 
images taken at 800 magnifications. It can be seen that the neat sample 
presents a smooth and uniform surface with few signs of roughness 
typical of a brittle fracture. Contrarily, the fracture surfaces of both 
POSS nanocomposites show significant increases in roughness with 
numerous fracture paths and river-line crack propagation lines distrib
uted uniformly, indicating a more ductile behavior. This surface 
morphology implies that, in POSS materials, higher energy should be 

Fig. 4. FTIR spectra of the neat cured material and the nanocomposites with 
the maximum amount of POSS added. 

Fig. 5. TGA and DTG curves of the neat cured material and the nanocomposites with the maximum amount of both POSS added.  

Table 3 
Main data obtained from TGA evaluation of the neat material and of the nano
composites prepared in air atmosphere.  

Sample T5%
a 

(◦C) 
Residueb 

(%) 
Tpeak1 

c 

(◦C) 
Tpeak2

c 

(◦C) 
Tpeak3

c 

(◦C) 

0POSS 283  2.1 301 327 443 
5POSS-A 271  3.8 294 310 454 
5POSS-B 282  3.3 301 330 447 
10POSS-A 255  5.2 285 310 455 
10POSS-B 279  4.8 302 329 454 
15POSS-A 247  6.2 279 308 456 
15POSS-B 276  5.7 301 330 456  

a Temperature of 5% of weight loss. 
b Char residue at 600 ◦C. 
c Temperature of the maximum rate of degradation of three main steps. 

Fig. 6. Photographs of the neat material and with the highest proportion of 
POSS-A and POSS-B. 
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consumed for the progress of the cracks, thus presenting higher 
toughness. 

3.5. Thermomechanical properties of the nanocomposites 

Dynamic mechanical thermal analysis (DMTA or simply DMA) has 
been performed to evaluate the materials prepared and the influence of 
the POSS proportion on their thermomechanical properties. The tan δ 
curves of all the materials prepared are shown in Fig. 8, and the primary 
data extracted from the DMA analysis are collected in Table 4. 

Looking at the tan δ plots of the neat sample and the nanocomposites 
prepared with increasing amounts of POSS, it can be observed that the 
tan δ peaks shift to higher temperatures when rising the proportion of 
POSS in the material increasing around 20 ◦C for the highest proportion 
of POSS added and due to the higher crosslinking density achieved. At 
the same time, the curves become broader and lower, leading to lower 
values of tan δ and higher values of FWHM (full width at half 
maximum), indicating a less homogeneous material with lower damping 
properties. It is evident that the presence of POSS in the material reduces 
the mobility of the polymer chains, due to the covalent bonding of the 
POSS, with a high functionality, to the matrix. This effect is more 
evident in POSS-A samples, probably due to the more heterogeneous 
structure of this POSS. 

Concerning the values for the storage modulus presented in Table 4, 
the incorporation of POSS positively affects the stiffness of the materials, 
increasing both the glassy and rubbery moduli. This increase in stiffness 
is also due to the increase in the crosslinking density, due to the covalent 
incorporation of the POSS (with functionality of eight) into the matrix. 
In general, POSS-B affects more positively due to its more closed 
structure. 

To determine the vitrimeric-like characteristics and to analyze the 
effect of the proportion of POSS in these nanocomposites, the relaxation 
behavior was evaluated by DMA stress relaxation tests at different 
temperatures from 170 ◦C to 190 ◦C during 90 min. Fig. 9 shows the 

normalized stress relaxation of the prepared materials at 180 ◦C. 
As observed in Fig. 9, the incorporation of POSS to the network 

positively affects the relaxation time, reducing it. Moreover, POSS-B has 
a more significant effect on the relaxation phenomena than POSS-A. The 
same tendency was observed in all the temperatures tested. As demon
strated by our research team, the relaxation of PTUs is due to the trans- 
thiocarbamoylation reaction between thiourethane bonds [12,13,14]. 
This mechanism goes through the decomposition of thiourethanes to 
isocyanate and thiol, which instantaneously react to form again the 
thiourethane group. Therefore, the mechanism is dissociative, but with a 
relaxation behavior typical of vitrimers involving an Arrhenius-type 
decrease in viscosity as if the degree of crosslinking remained un
changed. These materials with those characteristics can be qualified as 
vitrimeric-like. 

It has been described that an increase in the rubbery modulus re
duces the relaxation time because of the decreased ability of reactive 
groups to diffuse within a higher crosslinked network [41]. However, in 
the present study, the addition of POSS shortens the relaxation times 

Fig. 7. SEM micrographs of the fracture surfaces of the neat sample and with the highest proportions of POSS tested at 800 magnifications.  

Fig. 8. Evolution of tan δ with the temperature of the neat material and nanocomposites prepared.  

Table 4 
Primary data obtained from DMA analysis of the neat material and of all the 
nanocomposites prepared.  

Sample Ttanδ 
a (◦C) FWHMb (◦C) E’glassy

c (MPa) E’rubbery
d (MPa) 

0POSS 55 11 2087 10 
5POSS-A 59 13 2120 17 
5POSS-B 58 13 2195 15 
10POSS-A 64 16 2203 23 
10POSS-B 67 14 2380 18 
15POSS-A 72 26 2295 28 
15POSS-B 73 16 2637 23  

a Temperature at the maximum of the tan δ peak at 1 Hz. 
b Full width at half maximum of the tan δ peak. 
c Glassy storage modulus determined by DMA at Tg − 50 ◦C. 
d Rubbery storage modulus determined by DMA at Tg + 50 ◦C. 
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while producing a significant increase in the rubbery modulus. Silyl 
ether metathesis has been reported as a mechanism of network relaxa
tion catalyzed by Brönsted or Lewis acids [42]. More recently [43], 
POSS nanocomposites obtained from polyethylene have been prepared, 
and it was demonstrated that these thermoplastics could be converted 
into vitrimers through the introduction of POSS structures and further 
crosslinking by silyl ether metathesis catalyzed by zinc triflate. More
over, by measures of refractive index and dielectric properties the 
structural change on heating poly(silsesquioxane) films has been proved 
[40]. Thus, in our work, incorporating silsesquioxane structures can 
provide a second mechanism of relaxation that can potentiate the trans- 
thiocarbamoylation mechanism of the thiourethane groups in the 
organic matrix shortening the times needed for relaxation. 

In previous studies, other research teams have also incorporated two 
different types of covalent dynamic crosslinking mechanisms [44] such 
as transesterification and disulfide metathesis [45] and trans
carbamoylation and disulfide metathesis [46]. They observed a signifi
cant acceleration of the stress relaxation and a decrease in the 
temperature at which the vitrimer starts to be malleable compared to a 
similar network with only one exchange mechanism. 

From the relaxation stress tests performed at different temperatures 
between 165 ◦C and 195 ◦C, the time to reach a relaxed stress state of 
σ/σo = 0.37 (τ0.37) can be extracted, plotted versus 1/T, and fitted to the 
Arrhenius relationship (Eq. (1)). From the Arrhenius equation and the 
relaxation time needed to attain a viscosity of 1012 Pa⋅s, Tv is also 
calculated for each material. The main parameters from the Arrhenius 
equation are presented in Table 5 as well as Tv and τ0.37 at 180 ◦C for 
each material. 

As we can see, there is a noticeable decrease in the τ0.37 values on 
adding increasing proportions of POSS, leading to the addition of POSS- 
B to shorter times than POSS-A. The addition of 15 % of POSS-B leads to 

a relaxation rate around ten times faster than in the case of the neat poly 
(thiourethane) matrix. It should be considered that the amount of thi
ourethane bonds in our system is the same despite the composition. 
However, the activation energies increase on adding POSS to the 
formulation, although POSS-B rends lower values than POSS-A. The 
activation energy in chemical exchange reactions indicates the sensi
tivity of the reaction rate (relaxation times) to temperature. Thus, the 
presence of POSS raises the sensitivity of these nano compounds to 
temperature variations in the relaxation phenomena, increasing this 
dependence with increasing the proportion of the inorganic structure in 
the material. Moreover, faster relaxations can be achieved by a proper 
combination of low Ea and high lnA, as in POSS B nanocomposites. 

It is important to highlight that in the literature there are no refer
ences on the effect of the inorganic network structures in the relaxation 
process, but it seems evident from the results that the higher proportion 
of cages in POSS-B favors this relaxation phenomenon. 

Regarding the topology freezing temperature (Tv), it can be deduced 
that increasing the proportion of POSS barely affects this parameter in 
any POSS structure. However, POSS B presents slightly lower Tv values 
than POSS A, probably due to its more closed structure, leading to lower 
moduli and, consequently, lower relaxation times, as explained before 
[39]. In all the POSS samples, Tv is well above Tg, ensuring excellent 
creep resistance over a wide temperature range, especially at service 
(room) temperature. 

In a previous study, we could prove how on increasing the proportion 
of DBTDL, a notable enhancement of the relaxation rate could be 
observed [12]. As the present study aimed to determine the effect of the 
addition of POSS to a poly(thiouretane) matrix, we have only tested 
formulations with 1 phr of DBTDL since the differences will be more 
pronounced. However, it is foreseeable that on increasing the proportion 
of DBTDL in the formulation the relaxation times will be highly reduced 
in the nanocomposites. 

To confirm that the network structure remains unaltered after the 
relaxation process, we performed a thermomechanical analysis to 
compare their tanδ evolution with temperature. Fig. 10 presents these 
comparisons for the neat sample and the higher proportion of both POSS 
after a relaxation test at 180 ◦C. 

To reaffirm that no changes in the chemical network structure have 
occurred during the relaxation phenomenon, FTIR spectra were recor
ded before and after a relaxation test at 180 ◦C. Fig. 11 compares both 
spectra for the materials with the highest proportion of POSS-A and 
POSS-B. As we can see, there are no differences when comparing these 
spectra, confirming that the chemical structure of the network remains 
unaltered. 

From these tests we can assure that the nanocomposite materials can 

Fig. 9. Normalized stress relaxation plots as a function of time for the different samples obtained with POSS-A (left) and POSS-B (right) at 180 ◦C.  

Table 5 
Main data from DMA analysis of the neat material and of the nanocomposites 
prepared.  

Sample τ0.37
a (min) Ea (kJ/mol) lnA r2 Tv

b (◦C) 

0POSS 51 137  28.3  0.995 140 
5POSS-A 44 162  35.1  0.997 149 
5POSS-B 17 159  35.2  0.997 139 
10POSS-A 37 181  40.6  0.990 151 
10POSS-B 10 179  41.1  0.994 142 
15POSS-A 29 187  42.5  0.993 150 
15POSS-B 5 192  44.9  0.997 141  

a Time to reach a value relative relaxed stress of σ/σo = 0.37 at 180 ◦C. 
b Topology freezing temperature. 
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be reprocessed without important damage of the network structure and 
that the presence of silsequioxanes facilitates this process, shortening 
the time needed. 

4. Conclusions 

In the present study, hybrid organic–inorganic poly(thiourethane) 
nanocomposites were prepared from a mixture of a commercial trithiol, 
different proportions of octathiol functionalized POSS, and hexam
ethylene diisocyanate. Two POSS derivatives were firstly synthesized by 
a sol–gel process performed at different conditions: at normal pressure 

(POSS-A), and in an autogenic autoclave (POSS-B). 29Si NMR spectra 
showed that POSS-B had a higher proportion of closed octahedral cages. 
The materials prepared showed good transparency, confirming the 
excellent dispersion of the inorganic structures in the polymeric matrix. 

The presence of POSS in the material led to an increase in the ther
momechanical parameters (Tg and storage moduli), although the addi
tion of POSS-A increases the heterogeneity of the material, broadening 
the tan δ curve. The SEM images of fracture surfaces demonstrated that 
the addition of POSS makes these nanocomposites more ductile, 
increasing their toughness. 

The addition of POSS leads to a significantly faster relaxation, 

Fig. 10. Comparison of tan δ evolution with temperature before and after a relaxation process at 180 ◦C for the neat material and with the higher proportion of 
both POSS. 

Fig. 11. FTIR spectra for the neat material and the material after relaxation at 180 ◦C.  
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especially with a higher proportion of POSS-B, raising the sensitivity to 
temperature variations in the relaxation phenomena. Contrarily, 
increasing the proportion of POSS barely affects the topology freezing 
temperature in any POSS structure, being Tv, in all the cases, well above 
Tg, ensuring excellent creep resistance over a wide temperature range, 
especially at service (room) temperature. Comparing the thermo
mechanical and FTIR characteristics before and after a relaxation pro
cess at 180 ◦C, it has been confirmed that the chemical and network 
structures remain unaltered. 
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