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Abstracts 

 Different poly(thiourethane) thermosets were prepared by means of a thiol-isocyanate click 

reaction starting from three diisocyanates with different structure (isophorone diisocyanate, IPDI, 

4,4’-methylene bis(cyclohexy isocyanate), HMDI and hexamethylene diisocyanate, HDI, and a 

tetrathiol, pentaerythritol tetrakis(3-mercaptopropionate), PETMP. The curing process has been 

catalyzed by basic and acid catalysts. The use of a thermally activated base generator (1-

methylimidazolium tetraphenylborate, BG1MI), which is an organocatalyst, allowed a better control 

on the curing initiation than those traditionally used dibutyltin dilaurate (DBTDL) or tertiary amines. 

The curing evolution was investigated by DSC and FTIR spectroscopy. 

 The materials obtained were characterized by thermomechanical and mechanical tests. 

Homogeneous materials were obtained in all cases. The chemical structure of the network was 

correlated with the thermal and mechanical data determined. Tg values in the range of 75 to 150ºC 

were obtained. The thermal degradation of these materials has also been investigated and a complex 

degradation mechanism, with three different steps was observed in all cases. These materials showed 

a higher thermal stability than their oxygen counterparts did. 

The thermosets obtained using the latent organocatalyst have similar characteristics to the 

ones obtained by using the common DBTDL. 
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1. Introduction 

Click-chemistry, introduced for the first time by Kolb et al. in 2001 [1], has attracted a broad 

interest in the field of thermosets due to its efficiency, selectivity, speed and effective reaction 

mechanism that leads to the formation of highly homogeneous materials with high crosslinking 

density and without the formation of unexpected structures and volatile by-products [2]. There are 

several efficient reactions with different mechanisms that can be considered as click reactions, among 

them thermal epoxy-amine and Michael addition or photochemical thiol-ene. In addition to those, the 

nucleophilic addition of thiols to isocyanate satisfied all the criteria required to be considered as “click 

reaction” [3- 6]. 

Although the reaction that leads to the formation of poly(thiourethanes) (PTU) is known for a 

long time [7], it has been less investigated than the process leading to poly(urethanes) (PU), their 

oxygen analogs, which have a great industrial significance reflected in a nearly 5% of total polymer 

production [8]. The formation of poly(thiourethanes) is not accompanied by side-reactions often 

observed in the poly(urethanes) synthesis such as the formation of urethanes and allophanates [9]. 

Poly(thiourethanes), also named poly(thiocarbamates), are very versatile polymeric materials 

due to their biocompatibility, excellent physical, mechanical and optical properties. In comparison to 

poly(urethanes), the incorporation of sulfur to the backbone of the polymeric structure increases 

flexibility, crystallinity and feasibility to incorporate these structures to polymerizable systems 

[10,11]. Moreover, the enhanced refractive index makes PTU more suitable for optical applications. 

Lu et al. prepared PbS/PTU and ZnS/PTU nanocomposites as optical materials with high refractive, 

index in the range from 1.5 to 2 [12,13]. Moreover, Jaffrennou et al. studied a polythiourethane 

thermosetting system based on trithiol/diisocyanate formulations for optical applications [14], and 

Ireni et al. synthesized a poly(thiourethane-urethane-urea) with impressive optical properties, 

transmittance (>90%) and a refractive index value of 1.5 [15].  Poly(thiourethane)s have also applied 

in microfluidics and microparticles preparation [16,17]. Some papers on coatings applications of 

these materials have also been published [18,19]. 

In the preparation of poly(urethanes) and poly(thiourethanes), the reaction can be catalyzed by 

several bases and by a wide variety of Lewis acids [20]. Depending of the characteristics of the 

catalyst used, the activation occurs through two different ways. When basic catalysts are selected, 

they activate the alcohol or thiol by forming the corresponding anion (nucleophilic activation) which 

are the species that attack the isocyanate carbon (see Scheme 1). Alternatively, when Lewis acids are 

used, they coordinate with the oxygen or nitrogen lone pairs of the isocyanate (electrophilic 
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activation) which can be attacked by less nucleophilic agents like neutral thiols or alcohols [21,22]. 

Generally speaking, thiols are more acidic than alcohols, and the basic catalyst helps to form thiolate 

anions, with an accentuated nucleophilic character, higher than alkoxides. According to that, the 

reactivity of thiols is higher than the reactivity of alcohols and subsequently, the attack to the 

isocyanate is much faster.   
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Scheme 1. Proposed mechanisms of poly(thiouretane) formation in both basic and acidic conditions 

The aim of the present work is the preparation and characterization of a series of 

poly(thiouretane) networks and therefore, the curing schedule and conditions must be deeply 

investigated to reach the most adequate conditions leading to thermosets with high performance. 

According to that, the selection of the catalyst and its proportion is the key point to reach a high 

technical applicability in the desired processing time. 

The most common basic catalysts involved in the thiol-isocyanate polycondensation are tertiary 

amines such as triethylamine (TEA) or amidine compounds such as 1,5-diazabicyclo[4.3.0]non-5-

ene (DBN) or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [23,24]. Recently, Shin et al. reported the 

use of amines to perform thiol-isocyanate-ene ternary networks by sequential and simultaneous click 

reactions [25]. The same research team described the synthesis of elastic segmented 

poly(thiourethane)s by sequential thiol-ene and thiol-isocyanate reactions in the presence of TEA 

[26]. However, in the presence of basic catalyst, once initiated the reaction is too fast and the system 

is difficult to process due to the high reactivity of the monomers involved in the reaction. The fast 

reaction can be attributed to the low pKa of thiol species and their easy deprotonation in presence of 

the base. Thus, the formation of poly(thiourethane) networks is much faster, and consequently more 

problematic in terms of processing, than the formation of crosslinked poly(urethanes) [12,13,27,28]. 

To reduce the speed of the reaction, one of the possibilities is to decrease the amount of catalyst. 

However, in many studies a low degree of conversion of the monomers involved was obtained, which 
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in crosslinked polymers lead to a reduction of the Tg values. The possibilities of using a weaker base 

or much better, a latent basic catalyst, that release the base after the application of an external 

stimulus, could be a solution to prepare, in a controlled way, thermosets by thiol-isocyanate click-

reactions. 

Besides the use of bases, the most common acid catalysts are organometallic tin compounds, 

especially dibutyltin dilaurate (DBTDL), which has been used by several authors to prepare PTUs for 

optical applications [12,13,14]. Kultys et al. selected DBTDL to synthetize a new copolymeric 

thermoplastic, poly(thiourethane-urethane)s [29]. It has been described that DBTDL leads to low 

reaction rates, resulting in long curing times or high curing temperatures, which can negatively affect 

the performance of the crosslinked materials. In addition to that, we should consider that the European 

Union have restricted the use of organotin-based compounds. Therefore, the use of organocatalyst in 

the preparation of polymeric materials is one of the improvements to be fulfilled to accomplish the 

EU regulations and to open new possibilities of application in the biomedical field [30,31].  

In previous studies of our group, the use of latent bases has been explored to catalyzed well-

controlled crosslinking procedures. LC-80, which is a commercially available encapsulated imidazole 

has been used in the preparation of thermosets by thiol-epoxy reaction [32]. We have also proved that 

photolatent bases as tertiaryammonium tetraphenylborates (BG) liberates amines on reaching a 

certain temperature [33]. Shin et al. described the use of a photolatent base in the preparation of 

poly(thiourethane)s triggered by UV-irradiation. However, this system has some limitations such as 

lower curing degree in shadowed areas, possible vitrification of the material and that the 

photochemical processes are restricted to the preparation of thin layers [34]. 

In the present study, we have tested latent systems (LC-80 and BG1MI) and we compare their 

efficiency with DBTDL by means of calorimetric studies. Three different isocyanates, isophorone 

diisocyanate (IPDI), 4,4′-methylene bis(cyclohexyl isocyanate) (HMDI)  and hexamethylene 

diisocyanate(HDI)  and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) (see Scheme 2) 

have been used as starting monomers.  
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Scheme 2. Structure of the starting compounds 

The mechanical and thermal properties of the resultant poly(thiourethane) thermosets have been 

investigated by thermomechanical and thermogravimetric analysis. Mechanical tests have also been 

performed.   

2. Experimental Methods 

2.1. Materials 

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), dibutyltin dilaurate (DBTDL) from 

Sigma-Aldrich. Isophorone diisocyanate (IPDI) and 4,4′-methylene bis(cyclohexyl isocyanate) 

(HMDI) from Acroos Organics and hexamethylene diisocyanate (HDI) from Sigma-Aldrich. Amine 

precursors were Technicure® LC-80 (encapsulated imidazole) from AC Catalysts. We synthesized 

the base generator, 1-methylimidazolium tetraphenylborate (BG1MI), according to a reported 

methodology [,35] and its characterization was performed by FTIR and 1H-NMR spectroscopy (see 

supporting information). 

2.2. Preparation of the formulations 

The different formulations were prepared by adding the corresponding amount of diisocyanate, 

to a solution of the selected amount of LC80 or BG1MI in the thiol. Isocyanate and thiol groups are 

mixed in stoichiometric proportions. In case of using DBTDL as the catalyst, it was first dissolved in 

the isocyanate and the corresponding amount of thiol was added. The different catalysts were added 

in several proportions 0.5, 1 and 2 phr, in reference to the thiol amount (parts of catalysts per hundred 

parts of thiol).  

The thiol-catalyst mixtures were manually stirred until homogeneity at room temperature, with 

the exception of BG1MI, in which a temperature of 80°C and magnetic stirring was required. This 

mixture was cooled down and then the diisocyanate was added. The samples were studied freshly 

prepared.  
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2.3. Sample preparation 

For DMTA analysis, the prepared formulations were poured onto aluminium moulds and cured 

sequentially at 80, 100, 130 and 165 °C one hour at each temperature. 

For tensile test, films were prepared by pouring the formulations between two glasses (protected 

with an adhesive sheet of Teflon) and using Teflon spacers to ensure a homogeneous thickness of 0.4 

mm. The curing schedule applied was as before and a post-curing of 3 h at 170ºC was done to reach 

the complete curing. The films were die-cut to obtain Type V specimens adapted for ASTM D638-

14 requirements. 

2.4. Characterization techniques 

A differential scanning calorimeter (DSC) Mettler DSC-3+ calibrated using an indium 

standard (heat flow calibration) and an indium-lead-zinc standard (temperature calibration) was used 

to analyze the curing evolution. Samples of approximately 5-10 mg were tested in aluminum pans 

with a pierced lid in a nitrogen atmosphere with a gas flow of 50 mL/min. The dynamic studies were 

performed in a temperature range of 30-250 °C with a heating rate of 10 °C/min. The enthalpy (ΔH) 

released during curing of the samples was calculated by integration of the calorimetric signal using a 

straight baseline, with the help of the STARe software. 
1H NMR spectra were registered in a Varian Gemini 400 spectrometer. CDCl3 was used as 

the solvent. For internal calibration, the solvent signal corresponding to CDCl3 was used. δ (1H) = 

7.26 ppm. 

A FTIR spectrometer Bruker Vertex 70 equipped with an attenuated total reflection accessory 

with thermal control and a diamond crystal (Golden Gate Heated Single Reflection Diamond ATR, 

Specac-Teknokroma) and equipped with a mid-band liquid nitrogen-cooled mercury–cadmium–

telluride (MCT) detector was used to monitor the evaluation of isocyanate/thiol groups during the 

isothermal curing at 120°C. Spectra were collected at this temperature in the absorbance mode at a 

resolution of 4 cm−1 in the wavelength range of 600 to 4000 cm−1 and 20 scans were averaged for 

each spectrum. The spectra were corrected for the wavelength dependence of the absorbance in ATR 

devices. The samples were prepared as detailed in 2.2. Preparation of the formulations.  A thin layer 

of the investigated formulation was put directly on the diamond crystal of the ATR previously heated 

at 120 °C. 
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The conversion (𝛼𝛼) of isocyanate groups as function of the time were determined by 

monitoring the evolution of the peak at 2250 cm-1. The degree of conversion of isocyanate were 

calculated as: 

𝛼𝛼 = 1 − 𝐴𝐴𝑡𝑡
𝐴𝐴0

                                                     (1) 

where A is the normalized area of the isocyanate band, and the subscripts t and 0 indicate the curing 

time and at the beginning of the curing, respectively. The peak at 1680 cm−1 (stretch of ester ring of 

thiol) was used as an internal standard. The band corresponding to the S–H stretch vibration of the 

thiol group at 2570 cm−1 was only analyzed from a qualitative point of view, due to its weak intensity. 

Dynamic mechanical thermal analyses (DMTAs) were performed with a TA Instruments 

DMA Q800 analyzer. Prismatic rectangular samples (15 x 6 x 1.5 mm3), after isothermal cure, were 

analyzed by three-point bending at a heating rate of 3°C/min from 35 to 180°C using a frequency of 

1 Hz and oscillation of 0.1% of sample deformation.  

The Young’s moduli (E) were determined under flexural conditions at 30°C, with the same 

clamp and geometry samples, by using a force ramp at a constant rate of 1 N/min, and ensuring that 

only the elastic behaviour of the material was evaluated. Three samples of each material were 

analyzed and the results were averaged. E was calculated from the slope of the linear proportional 

part of the load-deflection curve according to the following equation: 

                                                    𝐸𝐸 = 𝐿𝐿3𝑚𝑚
4𝑏𝑏𝑡𝑡3

                                                (2) 

where E is the elastic modulus of the sample (MPa), L is the support span (mm), b and t are the width 

and the thickness, respectively, of the sample tested (mm) and m is the gradient of the slope in the 

linear region (N/mm). 

The thermal stability of the cured samples was studied by thermogravimetric analysis (TGA), 

using a Mettler TGA/SDTA 851e thermobalance. All experiments were performed under inert 

atmosphere (N2 at 100 mL/min). Pieces of cured samples of 10-15 mg were degraded between 30 

and 600°C at a heating rate of 10 °C/min. 

Tensile tests at room temperature were carried out by using an electromechanical universal 

testing machine (Shimadzu AGS-X 10 kN) at a crosshead speed of 1 mm/min and using Type V 

samples according to ASTM D638-14 standard. Three samples of each material were analyzed and 

the results were averaged. 

Vickers microindentation hardness was measured with a Wilson Wolpert (Micro-Vickers 401 

MAV) device following ASTM E384-16 standard procedure. For each material at least 20 



 
8 

 

determinations were made with a confidence level of 95%. The Vickers hardness number (HV) was 

calculated from the following equation: 

                                                         𝐻𝐻𝐻𝐻 = 1.854∗𝐹𝐹
𝑑𝑑2

                                                         (3) 

where F is the load applied to the indenter in kgf (0.05 kgf) and d is the arithmetic mean of the length 

of the two diagonals of the surface area of the indentation measured after load removal in mm.  

3. Results and Discussion 

3.1. Calorimetric study of the curing process 

In order to obtain a temporal control of the reaction, we first investigated the curing process 

in the presence of the acid catalyst mostly used in the preparation of poly(urethane), dibuthyltin 

dilaurate (DBTDL) and two latent basic catalysts, LC80 and BG1MI, which are an encapsulated 

imidazole and a tetraphenyl borate imidazolium salt, respectively, which on heating release imidazole 

[33]. As starting monomers, we selected isophorone diisocyanate (IPDI) and pentaerythritol 

tetrakis(3-mercaptopropionate) (PETMP) as the thiol. Stoichiometric formulations of comonomers 

were used in all cases to reach the highest crosslinking density.  

Non-isothermal calorimetric studies were performed to analyze the curing evolution of thiol-

isocyanate formulations with 1 phr of the different catalyst selected. Fig. 1 shows the calorimetric 

curves for the formulations studied.  

 

 
 

Figure 1. DSC curves of formulations of PETMP-IPDI and 1 phr of the different catalysts selected. 
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From this figure, we can observe the different shape of the curves and different initiation 

temperatures of the curing process for the different catalysts. It is clear that the use of BG1MI allows 

a more significant control of the initiation, since the curing does not start at room temperature, but at 

temperatures higher than 100 ºC, due to the thermal decomposition of the imidazolium salt that release 

the base, as represented in Scheme 3 [35]. Once started, the curing is the fastest. Although without 

enough reliability, we could evaluate in the curves of this figure, an approximate enthalpy of 72 

kJ/isocyanate equivalent by using BG1MI as the catalyst, 45 kJ/i.e. with LC80 and 64 kJ/i.e. when 

using DBTDL. From these values, it seems to be clear that the curing process starts immediately when 

using LC89 and DBTDL as catalysts. 
 

B

H H

1MI·HBPh4
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N
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CH3
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Scheme 3. Thermal activation of the base generator BG1MI 

LC80 does not show any latent behavior in this case, since it starts at low temperatures, and 

even some reaction was appreciated at room temperature by a slight increase in the viscosity on 

preparing the sample at room temperature. This makes the evaluation of the curing enthalpy 

unreliable. This behavior is contrary to that observed in thiol-epoxy systems in which the samples 

could be stored during more than one week at 35ºC without any appreciable change [32]. The use of 

DBTDL as the catalyst leads to a broad curve, starting at room temperature without any recovery of 

the base-line, indicating that the curing is still not finished at 250ºC or that some degradation 

processes occur. 

The effect of the variation of the proportion of the catalyst was also investigated. The 

calorimetric curves for the different catalyst are collected in Figure 2. The shape of the curves did not 

allow us to determine accurately the enthalpy released by gram of mixture or by isocyanate mol.  
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Figure 2. DSC curves of formulations of PETMP-IPDI and the different catalysts in proportions of 0.5, 1 and 2phr. 

 
 

In Figure 2A we cannot see many differences among the curing exotherms on varying the 

amount of BG1MI and in all cases the latent character was maintained. It can be only noticed a slight 

decrease of the temperature of the maximum of the curve on increasing the amount of the catalyst. 

The decrease of the amount of LC80 to 0.5 phr seems to improve the latency of the system, since the 

shape of the exotherm changes and it starts at 70ºC. However, the prepared mixture is not stable and 

begins to react at room temperature after half an hour, probably due to the release of the imidazole 

by the swelling and partial dissolution of the capsule. The differences observed in Figure 2C on 

changing the amount of catalyst are mainly related to the curing rate that increases with the DBTDL 

proportion. Moreover, the curing seems to be finished at 250ºC when 2 phr of catalyst are used in the 

formulation, although probably thermal degradation takes place in some proportion since the baseline 

does not recover. 

With the results obtained we investigated the kinetic behaviour of three different aliphatic 

diisocyanates; IPDI, HMDI and HDI. According to the low stability of LC80 formulations, only 

DBTDL and BG1MI have been used as the catalyst in a proportion of 0.5 phr. It should be commented 
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that both LC80 and BG1MI follow the same anionic reaction mechanism, since both release 

imidazole, but in different conditions. Figure 3 present the calorimetric curing exotherms of these 

formulations. 

 

 

 
 

Figure 3. DSC curves of formulations of PETMP-(IPDI/HMDI/HDI) and the catalysts in proportions of 0.5 phr. 

 

From this figure, it can be seen that HDI, with a linear structure, is the most reactive monomer 

with both catalysts and it reacts slowly at temperatures about 75ºC. On the other hand, HMDI reacts 

at higher temperatures than IPDI in both cases, but this effect is more noticeable in anionic conditions. 

Whereas HDI cures rapidly with both catalysts, IPDI and HMDI react much faster, once the catalyst 

is activated, on using the base generator. The use of DBTDL needs higher temperature and longer 

reaction times to complete the process. 

From this study, we can state that from the point of view of the kinetics and easiness in the 

application of these materials, BG1MI is the most advantageous catalyst and that 0.5 phr seems to be 

enough to reach a high crosslinking density with all the diisocyanates selected. 

 

3.2. FTIR study of the curing evolution 

The thiol-isocyanate reaction that takes place in the curing process was followed by FT-IR 

spectroscopy to investigate not only the kinetics of the reaction but also if the complete formation of 

poly(thiourethane) networks has been reached. 

The FTIR spectra of the IPDI-0.5 phr of BG1MI formulation at different curing times were 

collected in Figure 4. In the basis of the calorimetric curve, a temperature of 120ºC was selected for 
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the isothermal curing. The reduction in the isocyanate and thiol peaks, at 2270 cm−1 and 2570 cm−1, 

respectively, was accompanied by the appearance of N-H st. (3350 cm−1) and carbonyl stretching 

(1670 cm−1) of the thiourethane groups, which are indicative of the network formation. The thiol band 

is very weak and has no kinetic significance but only qualitative. The carbonyl absorption of the 

thiourethane group was partially overlapped with the carbonyl ester absorption of the PETMP and 

the deconvolution has been done in order to extract quantitative information. As we can see in the 

spectrum registered after 60 min at 120 ºC, some isocyanate absorption still remains, which indicates 

that this thermal treatment was not enough to reach the complete curing. The fully conversion of 

isocyanate was achieved after a post-curing treatment at 160ºC for 1 h. The limited conversion at 

120ºC could be attributed to the vitrification of the material. 

 

Figure 4. FTIR spectra of the PETMP-IPDI and 0.5 phr of BG1MI at 120°C. 

 

The evolution of the isocyanate group conversion at the temperature of 120°C for the 

formulation containing a stoichiometric amount of IPDI and PETMP with the different catalyst was 

determined and represented in Figure 5. 
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Figure 5. Kinetic profile at 120ºC of the conversion of NCO group in the formulation of IPDI and PETMP with 0.5 phr 

of the different catalysts obtained from FTIR analysis 
 

As we can see, with the use of BG1MI as the catalyst a conversion of isocyanate group higher 

than 90% was achieved, greater than using the other catalysts. It can also be observed that the reaction 

with this latent system begins not instantaneously as occurs with formulations catalysed by LC80 or 

DBTDL, but after a short activation period. The quickest reaction occurs with LC80, but the 

conversion achieved is quite low. Complete conversion was achieved with all these catalysts when a 

post-curing at higher temperatures was performed.  

From the studies of the curing process by the different techniques, the adequacy of BG1M1 as 

the catalyst has been confirmed. This catalyst allows a good control of the curing process while 

reaching the complete curing at moderated temperatures. 

3.3 Thermal characterization of the poly(thiourethane) thermosets 

Although from the point of view of the kinetics and manipulation BG1MI is the most adequate 

catalyst, the characteristics of the materials prepared with both catalysts can vary notably. Thus, we 

have investigated the thermomechanical behaviour of all the materials prepared from formulations 

with the three diisocyanates selected and PETMP with 0.5 phr of DBTDL or BG1MI. Figure 6 shows 

the tan δ (A) and storage modulus (B) curves obtained by DMTA. The main data extracted from these 

curves are collected in Table 1. 
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Figure 6. (A) tan δ and (B) storage modulus against temperature of the different materials prepared with 

PETMP-IPDI/HMDI/HDI-0.5phr of catalysts 

First, it should be mentioned that the curves are very narrow because of the click reaction 

mechanism. Their good performance without any side-reaction that could lead to unexpected 

structures is the reason for this homogeneity. The high homogeneity of the material is a crucial aspect 

for optical applications [14,15]. The materials obtained show values of FWHM (width of the curves 

at half height) in the range between 9 and 16 °C (see Table 1), which are lower than those obtained 

by Shin et al. that reach values in the range from 15 to 28 °C [34]. These authors prepared 

IPDI/PETMP films by photoinitiation with a base generator but a broader curve with a value of 16 

ºC was obtained. This result can be justified by the fast curing performed in photochemical conditions.  

Table 1. Thermal data obtained from the materials obtained from the different diisocyanates and PETMP with 
different catalysts at 0.5 phr 

Formulation T tan δa 

(°C) 
FWHMb 

(°C) 

Young’s 
Modulusc   

(GPa) 

E’d 
(MPa) 

T2%e 

 (°C) 
Tmaxf 

(ºC) 

Char 
Yieldg 

(°C) 
IPDI-

0.5%BG1MI 
153 11 2.8 23 284 305-347-

437 
3.0 

IPDI-
0.5%DBTDL 

144 10 2.8 21 289 308-338-
425 

4.9 

HMDI-
0.5%BG1MI 

140 16 2.2 19 287 316-348-
453 

2.9 

HMDI-
0.5%DBTDL 

135 14 2.0 19 289 312-337-
438 

4.3 

HDI-
0.5%BG1MI 

77 9 2.0 24 276 304-348-
469 

2.2 

HDI-
0.5%DBTDL 

75 10 2.0 23 285 317-350-
467 

2.4 

a Temperature of maximum of the tan δ at 1 Hz. 
b FWHM stands by full width at half maximum. 
c Young’s modulus determined at 30°C under flexural conditions 
d Relaxed modulus determined at the T tan δ + 40°C (in the rubber state). 



 
15 

 

e Temperature of 2% of weight loss 
f Temperatures of the maximum rate of the three steps of degradation 
g Char residue at 600°C  
 
 

The values of the temperature of the maximum of tan δ change not only with the monomer 

structure but also in some materials depend on the catalyst used. The flexible structure of HDI leads 

to lower tan δ temperatures in comparison to the materials containing rigid cycloaliphatic groups, 

without much difference on changing the catalyst. However, IPDI and HMDI derived materials show 

variations on changing the catalyst, leading to higher temperature of tan δ values when the base 

generator was used. Although a post-curing at 170 ºC for 3 hours or an increase in the DBTDL 

proportion were tested, the crosslinking density seems to be limited and this value did not increase. 

This fact can be related to the kinetic evolution of the curing process observed by DSC (Fig. 3), in 

which DBTDL cures at higher temperature and the enthalpy released seems to be lower. IPDI derived 

materials present the highest Ttan δ due to their higher compact and rigid network. 

In Figure 6B the evolution of storage modulus with the temperature is represented for all the 

samples. As we can see, the relaxation of the material takes place sharply with a significant change 

in the moduli in glass and rubber state. There are no big differences in the relaxed moduli (see Table 

1), but a certain correlation with the molecular weight between crosslinks can be appreciated. The 

highest molecular weight between crosslinks of HMDI materials leads to the lowest modulus. 

Although the difference is only slight, the use of DBTDL leads to a lower value, according to the 

lower crosslinking density achieved with this catalyst. 

The Young’s modulus determined at 30ºC in bending mode yields the highest value for the 

most rigid network structure obtained from IPDI formulations. 

Some authors studied the degradation of poly(urethane)s [20] and poly(thiourethane-urethane)s 

[36] thermoplastics and a complex degradation mechanism, with two or three degradation steps, was 

reported. Depending on the aliphatic or aromatic character of the urethane structure the reversion of 

urethane to isocyanate and hydroxyl groups takes place between 120 to 250ºC, being the aliphatic 

ones the most stable. The first degradation step was attributed to this degradative process. The second 

step, at higher temperature, corresponds to a typical β-elimination process, if there are hydrogen 

atoms in γ-position. This process leads to the formation of a carbamic acid and an olefin. Carbamic 

acid, which is unstable, release carbon dioxide and the corresponding amine is formed. It has been 

reported that this process can lead to one or two degradation steps [37].  
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In the poly(thiourethane) thermosets prepared in the present work, the DTG curves (derivative 

of TGA degradation curves) clearly present three different degradation steps, with no much 

differences on changing the structure of the isocyanate and the catalyst used in their curing. Figure 7 

presents the DTG curves of the materials prepared and the most representative degradation data are 

collected in Table 1.  

 

 

 

 

 

 

 

Figure 7. DTG curves of PETMP-(IPDI/HDMI/HDI) thermosets using 0.5 phr of BG1MI (A) and 0.5 phr of 

DBTDL as the catalysts. 
 

As we can see in the figure and table, the first degradation step begins at about 300ºC, which 

indicates that poly(thiourethanes) are more stable than their corresponding oxygen analogues, which 

decompose at about 250ºC [20]. In our case, two possible β-elimination processes can occur, because 

not only thiourethanes are present but also ester groups from the tetrathiol structure. Both β-

elimination processes could overlap and contribute to the degradation maximum at about 350ºC. The 

degradation peak at the highest temperature must correspond to the fully degradation of the network. 

If we look to these temperatures of the maximum rate of degradation (Table 1), we can see that the 

values for the last step are more dependent on the urethane structure. In general, char yields are 

slightly higher for those materials prepared with DBTDL and this catalyst seems to reduce the 

temperature of the urethane decomposition through β-elimination.  

From these studies, we can state that these materials exhibit a quite good thermal stability, 

higher than the poly(urethane) analogues, with decomposition temperatures higher than 280 ºC, with 

the exception of the material obtained from HDI and the base generator that loss a 2% of weight at 

276ºC, attributable to its linear aliphatic structure. 
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3.4 Mechanical Characterization of the Materials 

 Microindentation hardness tests and tensile tests at break have been performed for all the 

thermosets prepared. The data extracted from these tests are listed in Table 2.  

Table 2. Mechanical data determined from the materials obtained with the different diisocyanates and 
different catalysts  

Formulation 
 

VH a 
Tensile 

Modulus b   
(GPa) 

σb c 

(MPa) 
εb d 

(%) 

IPDI-0.5%BG1MI 19.6 ± 0.7 2.1 ± 0.1 72.9 ± 2.6 5.8 ± 0.4 
IPDI-0.5%DBTDL 19.2 ± 0.5 2.1 ± 0.1 76.1 ± 2.2 6.3 ± 0.8 
HMDI-0.5%BG1MI 16.1 ± 0.7 1.7 ± 0.1 67.1 ± 1.7 6.4 ± 0.4 
HMDI-0.5%DBTDL 15.9 ± 0.6 1.7 ± 0.1 64.1 ± 2.5 6.6 ± 0.8 

HDI-0.5%BG1MI 13.2 ± 0.8 1.7 ± 0.1 47.3 ± 1.6 3.8 ± 0.2 
HDI-0.5%DBTDL 12.4 ± 0.6 1.7 ± 0.1 44.6 ± 1.4 3.2 ± 0.1 

a Vickers microindentation hardness.  

b Tensile modulus at room temperature.  
c Stress at break.   
d Deformation at break.  
 

Mechanical characteristics are fully dependent on the chemical structure of the network and 

crosslinking densities. The higher values of microindentation hardness were obtained for IPDI 

derived thermosets, because of their rigid structure. On increasing the flexibility of the selected 

isocyanate a decrease in microindentation hardness was observed and the lowest values were obtained 

for HDI derived thermosets, with a long aliphatic chain between thiourethane moieties.  

With respect to the stress-strain behaviour, all these materials are relatively rigid and does not 

experiment appreciable plastic deformations at room temperature due to their crosslinked character. 

Although a similar influence on changing the monomer structure was expected in the tensile modulus, 

we have not noticed any difference between materials prepared from HMDI and HDI due to the glassy 

state at room temperature. However, the rigid and compact structure of IPDI leads to a notable higher 

modulus for this material. These results are in accordance with those obtained from DMTA tests.  The 

most relevant differences between these materials can be observed in the stress and strain at break 

values. The tensile strength is the highest when the rigid IPDI moiety was in the network structure 

and the lowest with the linear and aliphatic HDI. With respect to the strain at break, related to the 

ductility, the poly(thiourethanes) based on HMDI present the maximum value, since materials based 

on HDI suffer a more easy breakage at lower stress due to their significantly lower strength. The type 

of catalyst used seems not to influence in a significant manner the tensile characteristics of the 

thermosets as the values presented are similar.  
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4. Conclusions 

The use of 1-methylimidazolium tetraphenylborate (BG1MI), as a latent base catalyst, allowed 

a much better control of the reaction of aliphatic diisocyanates and tetrathiol monomer to prepare 

poly(thiourethane) networks than the commonly used dibutyltin dilaurate (DBTDL). The reaction 

begins at 120ºC and occurs rapidly. LC80, which is an encapsulated imidazole, did not show the 

expected latent behaviour in this curing process. 

The conversion of isocyanates in the reactive formulations reached after 1 hour at 120ºC with 

BG1MI as the catalyst was higher than 90%, whereas the use of DBTDL reaches only a conversion 

of 75%. On increasing the temperature, the fully conversion was achieved with both catalysts. 

Different poly(thiourethane) thermosets were prepared from three different isocyanates: 

isophorone diisocyanate (IPDI), 4,4’-methylene bis(cyclohexy isocyanate) (HMDI) and 

hexamethylene diisocyanate (HDI) and a tetrathiol, pentaerythritol tetrakis(3-mercaptopropionate) 

(PETMP) with DBTDL and BG1MI, as acid and basic catalysts, respectively. 

All materials prepared showed very narrow tan δ curves, which stands for highly homogeneous 

networks. Tg values increase with increasing the rigidity of the isocyanate monomer, reaching a 

maximum value of 150ºC for IPDI derived materials. The use of the base generator as the catalyst 

leads to materials with higher Tg. 

The initial degradation of these materials occurred at higher temperatures than the related 

poly(urethanes). Their degradation curves allowed to detect three different degradation mechanisms. 

The first one, at the lowest temperature, corresponds to the reversion of thiourethanes to form 

isocyanate and thiol groups. On increasing the temperature, the β-elimination of the remaining 

thiourethanes and ester groups of the thiol structure occurs and then, at the highest temperature, the 

complete degradation of the network structure could be observed. 

The mechanical behaviour of the prepared materials could be correlated to the network 

structure, according to the rigid or flexible character of the starting diisocyanate monomer. IPDI 

derived materials are more strength, rigid and harder than those derived from HDI, which present the 

worst mechanical performance. The materials obtained from the latent catalyst have similar 

mechanical characteristics to the ones obtained by using the commonly used DBTDL. 
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