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A B S T R A C T   

Covalent adaptable networks (CANs) are new polymeric materials with the mechanical properties of thermosets 
and the possibility of being recycled like thermoplastics. Poly(thiourethane) networks have demonstrated 
vitrimeric-like behavior at high temperatures due to the trans-thiocarbamoylation process, which Lewis acids and 
bases can accelerate. In this study, we report the use of lanthanide triflates (La, Sm, Dy, Er, and Yb) as Lewis acid 
catalysts, a greener alternative to other metallic catalysts as dibutyltin dilaurate (DBTDL) widely used in poly 
(urethane) and poly(thiourethane) networks. Moreover, they are not as reactive as DBTDL, and the curing 
mixture can be manipulated for a longer time at room temperature. As monomers, trimethylolpropane tris(3- 
mercapto propionate) (S3), hexamethylene diisocyanate (HDI), and isophorone diisocyanate (IPDI) have been 
used. We have demonstrated that the materials prepared with lanthanum triflate present the lowest relaxation 
times than those prepared with other lanthanide triflates or DBTDL. Calorimetry (DSC) and infrared spectroscopy 
(FTIR) were applied to study the curing process. The materials obtained were fully characterized by thermog
ravimetric analysis (TGA) and thermomechanical tests (DMA).   

1. Introduction 

The first report on applying lanthanide triflates as Lewis acids in 
organic synthesis appeared in 1987, in which triflates of different metals 
were tested in the reaction between amines and nitriles. [1] The main 
advantages of these catalysts over other Lewis acids are their commer
cial availability, their low toxicity, [2] their tolerance to air, moisture, 
and protic solvents (such as water, alcohols, and carboxylic acids), [3] 
and their ease of handling and recycling. Lanthanide ions have low 
electronegativity and strong oxophilicity, and the effect of triflate anion, 
with an electron-drawing capacity, increases their Lewis acidity. [4] 
Moreover, the Lewis acidity and the coordination ability can be modu
lated by changing the lanthanide metal. [5] Thus, these Lewis acids are 
very advantageous as they possess a higher activity and less corrosive 
behavior compared with Brønsted acids. [6]. 

It has been shown that lanthanide triflates are one of the best cata
lysts for ring-opening polymerization. [7–9] By this mechanism, our 

group reported many years ago their use in the curing of epoxy resins, 
[10,11] and in the copolymerization of epoxy resins with lactones. [12, 
13] Other exciting applications have been their use as catalysts in C–C 
bond-forming reactions: aldol, Michael, allylation, Diels-Alder, Frie
del–Crafts, and glycosylation. [14] Also, they can be used as precursors 
of chiral catalysts in asymmetric synthesis. [15] In this work, we have 
explored their ability to cure isocyanates with thiols and their effect on 
the relaxation of the poly(thiourethane) (PTUs) networks obtained to 
reach good recyclability. 

Poly(thiourethane)s, also named poly(thiocarbamate)s, are the sul
fur analogs of polyurethanes (PUs), one of the most produced polymers 
today (5% of the total polymer production). [16] They present some 
advantages in front of PUs since they are more flexible, feasible, [17,18] 
biocompatible, and have better optical properties with high trans
parency. [19] Moreover, PTUs do not present side-reactions as PU does, 
such as allophanate and the formation of urea groups. [20] However, 
PTUs are less studied than PUs, because they are formed from thiols 
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instead of alcohols, which have a higher cost and unpleasant odor. 
However, after curing, the materials obtained do not have to have a bad 
smell. The reaction between multifunctional thiols and multifunctional 
isocyanate monomers to form PTU networks can be catalyzed under 
basic conditions (nucleophilic activation) or acidic conditions (electro
philic activation). 

As basic catalysts triethylamine (TEA), 4-(N,N-dimethylamino)pyri
dine (DMAP), 1,4-diazabicyclo[2.2.2]octane (DABCO), [21] 1,1,3,3-tet
ramethyl guanidine (TMG), [22] 1,5-diazabicyclo[4.3.0]non-5-ene 
(DBN) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [23,24] have 
been tested. The low pKa of thiol groups favors their deprotonation and 
the nucleophilic activation with base catalyst, giving a swift attack to the 
isocyanate carbon. As this reaction is too fast for some technological 
purposes, the use of latent organic bases has been proposed, among them 
1-methylimidazole (1-MI), DBU, DBN, and DMAP tetraphenylborate 
salts. [25]. 

The use of acid catalysts in PTU preparation is limited to dibutyltin 
dilaurate (DBTDL), although it has extended use. [19,26–28] However, 
there is a tendency to avoid organic tin compounds due to tin toxicity 
since it is a reproductive toxicant and a suspected mutagenic agent. [29] 
Another problem associated with DBTDL is that it starts the reaction 
even at room temperature, giving formulations with a short pot-life. 

In a previous paper, the use of isopropyl methanesulfonate (IMS) as a 
source of methane sulfonic acid was studied. [30] This compound when 
heated at temperatures above 100 ◦C, releases the corresponding acid, 
which is the true catalyst. Thus, IMS allows easier manipulation of the 
prepared formulation for prolonged periods. 

In the present work, we proposed the study of the catalytical activity 
of several lanthanide triflates (La, Sm, Dy, Er, and Yb derivatives) in the 
preparation of poly(thiourethane) networks compared to DBTDL. The 
thiol-isocyanate reaction has click characteristics using a basic catalyst, 
[25] [[,31] but in the case of an acidic catalyst, this nature is not as clear 
due to the possibility of side reactions. From the lanthanide triflates 
selected, La cation is the biggest (1.172 Å) and the less acidic (Lewis acid 
strength 0.343). In contrast, ytterbium is the smallest (1.008 Å) and has 
the highest acidity (0.416). Sm (1.098 Å, 0.380), Dy (1.052 Å, 0.396), 
and Er (1.033 Å, 0.392) are in between. [32]. 

As starting monomers, we selected trimethylolpropane tris(3- 
mercapto propionate) (S3), hexamethylene diisocyanate (HDI), and 
isophorone diisocyanate (IPDI), whose structures are depicted in 
Scheme 1. 

The occurrence of side reactions will be explored by monitoring the 
curing by calorimetry (DSC) and FTIR spectroscopy, and the materials 
prepared will be characterized by thermal analysis. 

In the last years, our group has deeply studied the vitrimeric char
acteristics of poly(thiourethane) networks in the presence of acid [28, 
30] and basic catalysts. [33] Their vitrimeric features are due to the 
trans-thiocarbamoylation process that is accelerated by these catalysts. 
In the present study, we have studied the effect of the lanthanide triflates 
on the relaxation behavior of these materials by thermomechanical tests 
(DMA) to look for a greener and more effective catalyst for the reshaping 
and recycling of these materials. 

2. Experimental part 

2.1. Materials 

Trimethylolpropane tris(3-mercapto propionate) (S3), hexam
ethylene diisocyanate (HDI), dibutyl tin dilaurate (DBTDL), La(OTf)3, 
Sm(OTf)3, Dy(OTf)3, Er(OTf)3, and Yb(OTf)3 from Sigma Aldrich have 
been used as received. Isophorone diisocyanate (IPDI) was purchased 
from Acros Organics. Acetone from Scharlab was purified by distillation 
and dried. 

2.2. Preparation of the formulations 

S3 and HDI or IPDI were mixed in stoichiometric proportions: 2 mol 
of trithiol for 3 mol of diisocyanate. The amount of catalyst was calcu
lated in molar percentage of the corresponding catalyst by 100 mol of 
thiol. First, the selected lanthanide triflate and diisocyanate were 
manually stirred and dissolved with the necessary amount of dry 
acetone. Then, the acetone was eliminated under reduced pressure at 
room temperature, S3 was added, and the mixture was manually stirred 
until complete homogenization. The formulations and materials have 
been named according to the following nomenclature “HDI or IPDI +
lanthanide + concentration”. 

2.3. Preparation of the materials 

The materials were prepared using a Petri dish covered with an ad
hesive Teflon sheet. The prepared formulation was spread on the Teflon 
surface and placed in an oven at 80 ◦C (1 day), at 120 ◦C and 140 ◦C (1 h 
at each temperature), and 2 h at 160 ◦C. After curing, samples were 
demolded while still hot. 

2.4. Calorimetric study 

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. 

Mixture quantities of approximately 5–10 mg were tested in 
aluminum pans with a pierced lid in an inert atmosphere (N2) with a 50 
cm3/min gas flow. The dynamic studies were performed in a tempera
ture range of 0–250 ◦C with a heating rate of 10 ◦C/min. The glass- 
transition temperatures (Tgs) of the cured materials were determined 
by heating a small piece of cured material between 0 and 250 ◦C at 
20 ◦C/min. Enthalpies and glass transition temperatures were calculated 
with the help of the STARe software. 

2.5. Thermal stability 

The thermal stability of the cured samples was evaluated by ther
mogravimetric analysis (TGA) using a Mettler Toledo TGA2 thermoba
lance. All experiments were performed under an inert atmosphere (N2 at 
a flow of 50 cm3/min). Pieces of 10–15 mg of cured samples were 
degraded between 30 and 600 ◦C, with a heating rate of 10 ◦C/min. 

2.6. Infrared spectra 

Fourier-transform infrared (FTIR) spectra were recorded with a 
spectrometer Jasco FTIR 6700, in absorbance mode, with a resolution of 
4 cm− 1, in the wavelength range from 650 to 4000 cm− 1, and with 32 
scans of each spectrum. The instrument is equipped with an attenuated 
total reflection accessory (ATR) Specac Golden Gate with controlled 
temperature. This equipment has also been used in a kinetic mode, 
registering spectra every 30 s at a fixed temperature (80 and 140 ◦C) to 
get conversion-time graphs. Scheme 1. Structure of the starting monomers.  
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2.7. Viscoelastic and thermo-mechanical properties 

The viscoelastic and thermomechanical properties were evaluated 
using a DMA Q800 analyzed from TA Instruments using a film tension 
clamp. Cured samples were die-cut in about 20 mm × 5 mm rectangular 
areas. 

The evolution of tan δ and storage modulus with the temperature was 
investigated at a heating rate of 2 ◦C/min from − 25 to 175 ◦C, at 1 Hz 
and 0.1% strain. 

Tensile stress relaxation tests were conducted using samples with the 
dimensions previously defined. The samples were equilibrated at 165 ◦C 
and left at this temperature for 5 min. Then, a constant strain of 1.5% 
was applied (to ensure the materials were within the linear range), and 
the consequent stress level was measured as a function of time for 90 
min. Then, the temperature was increased 5 ◦C, and the process was 
repeated until we reached the final temperature of 185 ◦C. Relaxation 
stress σ(t) was normalized to the initial stress (σo), and the characteristic 
relaxation time (τ*) was determined as the time necessary to relax 
0.37σo. The Maxwell equation correlates the viscosity and the relaxation 
time at this relation (0.37σo), as given in the next equation:  

η = E′⋅τ*                                                                                       (1) 

where η is the viscosity, E′ is the storage modulus in the rubbery state 
(assuming E′ being relatively invariant in this state), and τ* is the 
characteristic relaxation time. The relaxation times, τ* obtained at each 
temperature are then plotted to verify that τ* (and consequentially η) 
follow an Arrhenius relationship. 

τ∗ = τ0⋅e

(
Ea
RT

)

(2)  

where τ0 is the characteristic relaxation time at infinite T, Ea is the 
activation energy of the bond exchange reaction, R is the universal gas 
constant, and T is the temperature. Rewriting Eq. (2) as follows: 

ln τ∗ = ln τ0 +
Ea

RT
(3) 

The activation energy (Ea) can be calculated directly from the slope 
of the representation of ln (τ*) in front of 1/T. The topology freezing 
transition temperature (Tv), which describes the characteristic transition 
from a viscoelastic solid to a viscoelastic liquid, is calculated by 
substituting the value of viscosity of 1012 Pa s (liquid to solid transition) 
and E’ in the Maxwell equation, thus obtaining the relaxation time (τ*) 
needed to reach this viscosity. Then the extrapolated value of τ* is 
substituted in the Arrhenius relationship to calculate the hypothetical 
Tv. 

2.8. Tensile tests 

Tensile strength tests were performed in dog-bone Type V samples at 
room temperature, using an electromechanical universal testing ma
chine UTS Shimadzu AGS-X (Shimadzu Co., Kyoto, Japan) with a 1000 N 
load cell at 5 mm/min according to ASTM D638-14 standard. Three 
samples of each material were tested, and the average results are 
presented. 

2.9. Recycling 

The recycled samples were obtained by cutting the crosslinked 
polymer into small pieces and hot-pressing at 15 MPa into an aluminum 
mold at 190 ◦C for 3 h. Recycled samples were die-cut in dog-bone 
shapes from the new film obtained and were tested by DMA (to obtain 
the thermomechanical properties) and Universal Test Machine (to 
obtain the tensile strength). By FTIR, the permanence of the chemical 
structure was confirmed. 

3. Results and discussion 

3.1. Calorimetric study of the curing 

The catalytical activity of lanthanide triflates in the reaction between 
S3 and the different diisocyanates (HDI and IPDI) was investigated by 
DSC, and the obtained curves for HDI formulations are shown in Fig. 1. 
The most significant data extracted from DSC tests are collected in 
Table 1. Stoichiometric formulations of comonomers were used to reach 
the highest crosslinking density. The different catalysts were added in 
the percentage of mol of the catalyst to mol of thiol to compare their 
catalytical activities without the effect of their different molecular 
weights. 

In Fig. 1, we can observe different shapes of the DSC curves of the 
curing process of HDI samples, depending on the catalyst. The curves 
present two more or less defined peaks in formulations with lanthanide 
triflates. The first is at about 80 ◦C, and the second is at a much higher 
temperature depending on the lanthanide selected. The presence of 
these two peaks indicates that two different chemical processes occur. In 
contrast, the formulation containing DBTDL as the catalyst shows only 
one peak, indicating a more straightforward curing process. 

As we can see, the enthalpy released in the first peak increases as the 
lanthanide triflate goes from Yb to La, following the left direction in the 
periodic table. Thus, the reactive process associated with this peak oc
curs predominantly in the lanthanum salt and less in the case of 
ytterbium. 

Whereas the temperature of the first peak practically does not change 
with the catalyst, the maximum temperature of the second peak depends 
on the lanthanide triflate employed, as seen in Table 1. Thus, this pro
cess occurs at a higher temperature as the lanthanide used goes to the 
right in the lanthanide series. However, little influence is observed on 
the enthalpy released in the second peak by varying the lanthanide salt. 
It is well known that Yb is the cation with a higher Lewis acidity due to 
its small ionic radium. [4,34] From this point of view, the curing process 
would be expected to occur at lower temperatures when the ytterbium 
catalyst was used, which was not observed. The contrary behavior could 
be related to the coordination ability, which decreases going from La to 
Yb salts. [35] However, the coordination ability is somewhat complex 
and depends on the ligand. Therefore, it is not easy to predict. If the 
coordination ability plays an important role, this could also be related to 
the appearance of the exotherm at about 80 ◦C, more significant for 

Fig. 1. DSC curves for the curing of S3-HDI formulations catalyzed by the 
different lanthanide triflates tested and DBTDL. 
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lanthanum-catalyzed formulations. 
When HDI was replaced by IPDI (Fig. 2), the peaks came out wider 

due to the different reactivity of the two isocyanate groups, which did 
not happen with the HDI, and the two peaks did not come out well- 
defined. In these formulations, the peak at a lower temperature can be 
observed only in samples with La and Sm triflates. The main exotherm 
appears at a higher temperature than in HDI formulations, which can be 
explained by the minor reactivity of IPDI, which is more rigid than HDI. 
The differences observed in the calorimetric curves of the curing process 
with both isocyanates could be related to differences in the coordination 
ability of the lanthanide to the isocyanate group. The higher steric 
hindrance of the isocyanates in the IPDI could difficult this coordination. 

We determined the glass transition temperatures of all the materials 
prepared by DSC. As shown in Table 1, the highest Tg was obtained when 
using DBTDL as the catalyst. From the lanthanide triflates tested, the Tgs 
decreased from La to Yb for both diisocyanates. The higher rigidity of 
the IPDI monomer leads to higher Tg values for these materials, as ex
pected. All these observations could indicate that lanthanum cation, 
with a bigger size, coordinates much better than ytterbium, increasing 
both Tgs and reactivity. Moreover, the formation of isocyanurate rings, 
which are rigid crosslinking points, and are formed to a different extent 
in the lanthanide salts tested, can also affect this characteristic 
temperature. 

3.2. Study of the chemical reactions involved in the curing process 

We monitored the curing process of the different formulations pre
pared by Fourier-transform infrared spectroscopy (FTIR-ATR) to deter
mine the reactions during curing. Firstly, we compared the FTIR spectra 

of the HDI initial formulation catalyzed by La(OTf)3 and the cured 
material. As shown in Fig. 3, the new peaks confirmed the only 
appearance of the thiourethane groups expected (bands at 3400 and 
1650 cm− 1) and the disappearance of the isocyanate band at 2250 cm− 1. 
Thiol absorption is very weak, but it can only be perceived at 2570 cm− 1 

in the spectrum of the initial formulation. The spectrum of the cured 
sample does not differ from the one obtained when DBTDL was used as 
the catalyst. 

The kinetic study of the curing process using lanthanum and ytter
bium triflates was performed by ATR-FTIR at two different tempera
tures, 80 and 140 ◦C, which are the temperatures at which both curing 
exotherms appear, to see the differences among both formulations. The 
conversion was calculated using the area of the NCO stretching peak at 
2250 cm− 1, taking the area of the carbonyl ester band of the thiol 
structure as the reference by the following equation: 

% CONVERSION (NCO)=

Ao (NCO)

Ao (C=O)
−

A (NCO)

A (C=O)

Ao (NCO)

Ao (C=O)

100 (4)  

where A0 is the initial area of the corresponding peak, and A is the area 
at each temperature. The absorbances were normalized with that of the 
ester group of S3 at 1730 cm− 1. Fig. 4 shows the conversion evolution 
for HDI and IPDI formulations. 

In the first part of the conversion plot, we see that the isocyanate 
disappearance is much faster when La(OTf)3 is the catalyst, especially in 
HDI formulations. However, Yb(OTf)3 induces a slower reaction and 
does not generate significant differences between HDI and IPDI formu
lations. Thus, the use of lanthanum leads to a notable consumption of 
the isocyanate groups at 80 ◦C, where the first exothermic peak 
appeared in the DSC curves. Once the temperature increases to 140 ◦C, 
the disappearance of the isocyanate occurs very fast in all formulations, 
indicating that the formation of thiourethane functions is complete. 

Analyzing in more detail the evolution of the FTIR bands along the 
curing process, we could detect the formation of a band at 1680 cm− 1 

when curing at 80 ◦C that is being displaced to a lower wavenumber 
(1650 cm− 1) on increasing the temperature up to 140 ◦C, as it can be 
observed in Fig. 5. 

The band at 1680 cm− 1 could be assigned to the stretching of the 
carbonyl group of isocyanurates, formed by trimerization, as repre
sented in Scheme 2. 

In a previous work of our group, we could see that on curing epoxy 
isocyanate formulations with lanthanide triflates as the catalyst, iso
cyanurates were also formed. [36] Thus, it seems that the coordination 
of the lanthanum cation, the biggest one, to the isocyanate favors the 
trimerization that takes place at moderate temperatures of 80 ◦C, where 

Table 1 
Temperature of the maximum of the 2nd exotherm and glass transition tem
perature for all the formulations studied containing 1% molar of catalyst.  

Catalyst HDI IPDI 

Tmax (◦C) Tg (◦C) Tmax (◦C) Tg (◦C) 

La(OTf)3 146 32 192 100 
Sm(OTf)3 162 29 194 96 
Dy(OTf)3 183 27 199 94 
Er(OTf)3 191 25 200 91 
Yb(OTf)3 201 25 210 90 
DBTDL 155 36 185 109  

Fig. 2. DSC curves for the curing of S3-IPDI formulations catalyzed by the 
different 1% molar of lanthanide triflates and DBTDL. Fig. 3. FTIR spectra of the sample HDI La 1% before and after curing.  
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the first exothermic peak of the DSC appears. The reversion occurs by 
increasing the temperature, and the isocyanate released reacts with 
thiols to form the corresponding thiourethane group. On reducing the 

size of the lanthanide cation, the coordination ability is reduced, and the 
formation of the isocyanurates seems less favored, as proved by FTIR 
and DSC studies. When DBTDL was used as a catalyst, no peak at 1680 
cm− 1 appeared, but only the expected thiourethane carbonyl st. band at 
1650 cm− 1. 

3.3. Evaluation of the thermal stability 

The thermal stability of the poly(thiourethane) thermosets prepared 
was evaluated by thermogravimetry, and the main data extracted are 
collected in Table 2. Fig. 6 shows the plots of the weight loss and their 
derivatives of all the samples prepared with 1% of each catalyst. The 
evaluation of the thermal stability of the materials is of great importance 
to avoid the degradation of the materials in the recycling process. 

From the initial degradation temperatures, we can confirm that the 
materials can stand the usual temperatures at which the recycling pro
cess is performed (<200 ◦C). No significant differences are observed 
among the materials prepared with lanthanide triflates, although there 
is a slight trend. While lanthanum salt leads to degradation at a lower 
temperature, when Yb triflate is used, the degradation starts at higher 
temperatures. The materials obtained with DBTDL begin their degra
dation at comparable temperatures, although slightly higher. 

The DTG curves of the materials containing lanthanide triflates as the 
catalyst show three main degradation peaks, similar to those of the 
materials with DBTDL, although somewhat displaced according to the 
different catalyst efficiency for the degradation processes. The first step 
is attributed in the literature to the reversion of thiourethane to isocy
anate and thiol. [37–39] The second process is associated with the 
β-elimination of the ester group, and the third process is due to the 
complete degradation of the network. Thus, there are no mechanistic 
differences among the materials with the lanthanide salts. 

3.4. Thermomechanical characterization 

The materials prepared with lanthanum and ytterbium triflates were 
characterized by DMA to evaluate the thermomechanical properties and 
to compare them to the same systems but using DBTDL as the catalyst. 
Fig. 7 shows the evolution of tan δ and storage moduli with temperature 
for HDI and IPDI materials. The main data extracted are collected in 
Table 3. 

As shown in Fig. 7, the main difference is due to the diisocyanate 
structure (HDI is the more flexible, and IPDI is the one with a higher 
rigidity). However, the catalyst used has some influence on the ther
momechanical behavior. The use of DBTDL leads to the highest tan δ 
temperature, and the ytterbium salt leads to the lowest. It is also worth 
pointing out that all the materials show unimodal curves. However, 
DBTDL presents the thinnest one (smaller FWMH), indicating a more 

Fig. 4. Kinetic profiles of HDI and DPID formulations with 1% of lanthanum 
and ytterbium triflates as the catalyst at two different temperatures. 

Fig. 5. FTIR-ATR curves of the curing of HDI La 1% formulation at several 
temperatures. 

Scheme 2. Formation of isocyanurates from the isocyanate monomers.  

Table 2 
Thermogravimetric data of all the materials prepared, and degraded in N2 
atmosphere.  

Sample T5%
a (◦C) Tmax

b (◦C) Char Yieldc (%) 

HDI La 1% 256 281/322/400 4.0 
HDI Sm 1% 260 280/321/396 4.2 
HDI Dy 1% 265 279/321/392 4.4 
HDI Er 1% 267 278/320/387 4.6 
HDI Yb 1% 267 276/320/386 4.8 
HDI DBTDL 1% 268 306/344/452 4.9 
IPDI La 1% 265 285/329/393 4.5 
IPDI Sm 1% 269 283/327/390 4.6 
IPDI Dy 1% 271 281/327/385 4.7 
IPDI Er 1% 271 277/327/378 4.9 
IPDI Yb 1% 271 277/325/376 5.1 
IPDI DBTDL 1% 288 288/328/420 5.2  

a Temperatures of initial degradation (5% of weight loss). 
b Temperatures of the maximum degradation rates of the three steps. 
c Remaining weight percentage at 600 ◦C. 
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homogeneous structure in the materials obtained with this catalyst. This 
is usually related to the inexistence of side reactions, as we saw in our 
previous studies. [38]. 

Storage moduli in the rubbery and glassy states are slightly higher for 
IPDI-derived materials due to the higher rigidity of this structure. There 
are no significant differences in the rigidity of the materials when using 
lanthanide triflates or DBTDL as catalysts. 

Since the amount of catalyst significantly affects the rate of relaxa
tion phenomena, we studied the influence of the proportion of 
lanthanum triflate in the thermomechanical characteristics of these 

materials. As we selected 1% mol of catalyst to thiol for the study, we 
reduced this proportion to 0.5% and increased it to 2%. Their thermo
mechanical characteristics are presented in Table 3. Whereas the 
maximum of the tan δ is similar for all the samples, increasing the 
amount of catalyst slightly increases the broadness of the curves and the 
storage moduli in the rubbery and glassy states, being these variations 
not significant. 

3.5. Vitrimeric characterization 

In previous papers of our group, we reported that trans-thio
carbamoylation reaction could proceed at elevated temperatures in the 
presence of acidic and basic catalysts. The higher the proportion of 
catalyst, the quicker the relaxation process at the proper temperature. 
We demonstrated that this type of material had a vitrimeric-like 
behavior with the dissociation of the thiourethane group to isocyanate 
and thiol and a very fast reforming, as can be seen in Scheme 3, that led 
to a diminution of the viscosity on heating that follows an Arrhenius 
type evolution. [28,32,38]. 

To investigate the effect of the monomer structure of the different 
PTUs prepared and the ability of the acidic catalyst present in the ma
terial on the stress relaxation behavior, we have performed several stress 
relaxation experiments by DMA. We selected lanthanum and ytterbium 
triflates because they are the most different, and we included DBTDL as 
the reference in the study. The temperatures selected were well above 
the Tg to allow a certain movement of the network structure to perform 
the exchange process. Fig. 8 shows the stress relaxation curves registered 
at 180 ◦C, and the main data extracted from this study are presented in 

Fig. 6. TGA and DTG curves of the samples with HDI (A) and IPDI (B) with the different catalysts, recorded at 10 ◦C/min in the N2 atmosphere.  

Fig. 7. Dependence of tan δ (A) and storage moduli (B) with the temperature of the different poly(thiourethane)s prepared by using 1% of different catalysts.  

Table 3 
Main data extracted from DMA analysis of several materials prepared.  

Sample Ttan δ
a (◦C) FWHMb (◦C) Eglassy

c (MPA) Erubbery
d (MPA) 

HDI La 1% 42 11.5 2500 8.0 
IPDI La 1% 113 13.1 2699 10.9 
HDI Yb 1% 32 16.0 2283 7.1 
IPDI Yb 1% 106 17.9 2540 10.1 
HDI DBTDL 1% 57 10.3 2083 6.4 
IPDI DBTDL 1% 132 12.5 2496 9.9 
HDI La 0.5% 43 10.8 2401 7.3 
HDI La 2% 41 12.4 2584 9.3  

a Temperature of the maximum of the tan δ peak. 
b Full width at half maximum of the tan δ peak. 
c Storage modulus obtained at the temperature of the maximum of tan δ peak - 

30 ◦C. 
d Storage modulus determined at the temperature of the maximum of tan δ 

peak +30 ◦C. 
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Table 4. 
As we can see, the materials obtained from HDI prepared with the 

lanthanum salt are the ones that relax faster, followed by the ytterbium 
triflate. The complete relaxation of HDI materials was reached in less 
than 40 min when using 1% of the lanthanum salt as the catalyst (70 min 
with ytterbium). In contrast, when using DBTDL or IPDI structure, the 
materials needed more than 90 min to relax the stress completely. The 
differences are not as noticeable when using IPDI as the monomer, but 
lanthanum triflate also leads to faster relaxation. 

Compared to DBTDL, lanthanum salt leads to the best results in the 
relaxation of the stress and, as discussed before, in the kinetics of curing, 
presenting similar thermomechanical characteristics. This behavior can 

be attributed to the size of the lanthanum cation that leads to the best 
conjunction of Lewis acidity and coordination capacity. 

We also investigated how changing the amount of lanthanum triflate 
affects the relaxation ability. The reduction to 0.5% increases the time to 
reach τ0.37–10.7 min, whereas on increasing the proportion up to 2%, 
this time was reduced to 1.5 min. 1% of La(OTf)3 is less than 3 phr (parts 
per hundred of thiol), whereas 4 phr of DBTDL were needed in previous 
work to reach a τ0.37 of 20 min. [28] The values of τ0.37 are of the same 
magnitude as those reported using basic organocatalysts (tetraphe
nylborate salts of amidine compounds such as DBN, DBU, and TBD). 
[32] The advantage of the lanthanum salt when catalyzing the relaxa
tion of PTUs is that it is commercially available, allows the storage and 
manipulation of the formulations several times (in contrast to DBTDL 
and other non-latent basic catalysts), and the materials obtained are 
more stable at higher temperatures than the ones obtained with orga
nocatalysts, which begins to degrade at temperatures around 210 ◦C. 

To calculate the kinetic parameters of the stress relaxation phe
nomena using the new catalyst, we performed stress-relaxation experi
ments at different temperatures for each type of material. As shown in 
Fig. 9, for the sample HDI with 2% of La(OTf)3, the relaxation time is 
clearly dependent on the temperature. 

From the values of τ0.37 at each temperature, the Arrhenius plots 
were constructed for all the systems studied. Fig. 10 presents the evo
lution of these values against the inverse of the temperature. The acti
vation energies and the adjusting parameters are included in Table 4. 

The fact that the evolution of the viscosity of the materials with 
lanthanide triflates with time follows an Arrhenius evolution helps us to 
assert that the PTUs prepared to have a vitrimer-like behavior as 

Scheme 3. Proposed mechanism of trans-thiocarbamoylation exchange process.  

Fig. 8. Normalized stress relaxation curves at 180 ◦C for some PTUs prepared 
with 1% of catalyst. 

Table 4 
Main data extracted from stress relaxation experiments.  

Sample τ0.37
a (min) Ea

b (kJ/mol) lnA (min) r [2] Tv
c (◦C) 

HDI La 1% 3.5 131 29.5 0.9991 115 
IPDI La 1% 55.5 137 30.7 0.9990 119 
HDI Yb 1% 5.5 125 24.7 0.9933 139 
IPDI Yb 1% 88.5 126 25.2 0.9999 146 
HDI DBTDL 1% 24 117 26.2 0.9949 135 
IPDI DBTDL 1% 78 121 27.9 0.9961 139 
HDI La 0.5% 10.7 155 27.0 0.9976 122 
HDI La 2% 1.5 126 36.6 0.9990 113  

a Time to reach a value of σ/σο = 0.37 at 180 ◦C. 
b Activation energy of the exchange process. 
c Topology freezing transition temperature. 

Fig. 9. Normalized stress relaxation curves as a function of time at several 
temperatures from 165 to 185 ◦C during 90 min for the sample HDI La 2%. 
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reported previously since these catalysts are very effective in the reac
tion of isocyanates with thiols but also in the decomposition of thiour
ethanes to isocyanate and thiols. [32] Although the activation energies 
calculated for the lanthanum salt are higher than those for ytterbium 
and DBTDL, the higher values of the pre-exponential factor lead to the 
fastest relaxation. On increasing the proportion of the lanthanum salt in 
the mixture, the activation energy decreases, as observed previously for 
DBTDL. [28]. 

The different Tvs (topology freezing transition temperatures), the 
temperature at which the materials reach a viscosity of 1012 Pa s, were 
calculated from the Arrhenius plot, and the values were also included in 
Table 4. The calculated Tvs for each material are above Ttan δ; therefore, 
the Ttanδ has to be overpassed to reach the reorganization of the network. 
It has to be commented that although the correlation in the Arrhenius 
plots is excellent, little errors in the activation energies produce signif
icant deviations in the relaxation times and, consequently, in the Tv 
calculated. The lanthanum salt leads to the lowest Tv for materials 
derived from HDI and PDI, and the increase in its proportion reduces this 
temperature. 

3.6. Recycling 

To confirm the recyclability of the materials prepared, we selected 
the IPDI La 1%. The material was cut into small pieces and hot-pressed at 
15 MPa in an aluminum mold at 190 ◦C for 3 h, since this temperature 
combines a fast relaxation process with the thermal stability tested by 
TGA and confirmed in isothermal conditions at this temperature. Fig. 11 
shows the good appearance and transparency of the material after 
recycling. 

The recycled material was examined by FTIR spectroscopy and 
compared with the virgin one. Fig. 12 shows the FTIR spectra, showing 

that the chemical structure remains unchanged after recycling. 
The recycled material was also tested by DMA to assess the ther

momechanical properties of the recycled material. Fig. 13 shows the 
evolution of the storage moduli and tan δ with temperature, where no 
significant differences can be appreciated, confirming these materials’ 
good recyclability. 

We also performed tensile tests on the original and recycled sample 
to compare their stress-strain behavior. To do that, samples were die-cut 
in dog-bone shapes and tested in the UTS Shimadzu AGS-X. Three 
samples were tested, and the average results are presented in Table 5. 

As we can see from the mechanical parameters extracted from the 
tensile tests, sample IPDI with 1% of La(OTf)3 behaves quite similarly 
before and after recycling. The stiffness is more or less the same and the 
strength is slightly lower in the recycled sample, due to the extremely 
harsh conditions of the recycling process. These tests conditions also 
affect the statistical dispersion of the results in the recycled samples, 
being slightly higher. 

4. Conclusions 

Lanthanide triflates can be used as Lewis acid catalysts to prepare 
crosslinked poly(thiourethane)s and catalysts in the vitrimeric relaxa
tion of these materials. The different sizes, coordination abilities, and 
Lewis acidities of the lanthanide cations lead to gradual differences. 

The curing process consists of two distinct reactions: the first, at 
moderate temperatures, is the formation of isocyanurate rings by iso
cyanate trimerization, which occurs to a greater extent as the size of the 
lanthanide cation increases. The second process, the formation of thio
urethane groups, occurs at higher temperatures ranging from lanthanum 
to ytterbium. There are no remaining isocyanurates in the final mate
rials, but only thiourethane groups. 

The Tgs of PTU networks decrease from lanthanum to ytterbium and 
are slightly lower than those obtained with DBTDL as the catalyst. 

Two isocyanates, HDI and IPDI, were selected as starting compounds 
that reacted with a trithiol, S3. HDI showed a greater reactivity than 
IPDI, but the last led to higher Tgs of the final material due to its rigid 
structure. 

Materials prepared with lanthanum salt begin to degrade at tem
peratures slightly lower than those obtained with DBTDL but are suffi
ciently stable to be recycled at temperatures below 200 ◦C. 

Using DBTDL as the catalyst leads to the highest tan δ temperature, 
and among lanthanide triflates, the ytterbium salt leads to the lowest. 
Using lanthanide triflates leads to materials with slightly higher storage 
moduli, especially for the lanthanum catalyst. On increasing the 

Fig. 10. Arrhenius plot of relaxation times against inverse temperature for the 
materials with different catalysts, obtained from relaxation experiments. 

Fig. 11. Photographs of the original and recycled IPDI La 1% sample showing 
the high transparency of the recycled material. 

Fig. 12. FTIR spectra of the IPDI 1% La virgin material and after the recy
cling process. 
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proportion of lanthanum triflate in the material, tan δ temperature re
mains unchanged with bare changes in their rigidity. 

Lanthanum salt leads to the best results in stress relaxation, and even 
ytterbium triflate leads to faster relaxation than DBTDL. The stress 
relaxation rate improves noticeably by increasing the lanthanum triflate 
proportion in the formulation. The rigidity of IPDI, in contrast to the 
flexibility of HDI, slows down the stress relaxation process. 

The evolution of the viscosity of the materials with lanthanide tri
flates against time at high temperatures follows an Arrhenius evolution. 
It helps to assert that the PTUs prepared with lanthanide triflates have a 
vitrimer-like behavior. Lanthanum salt leads to the lowest topology 
freezing transition temperature, which decreases by increasing the 
amount of catalyst. 

The materials can be recycled without differences in their structure, 
and the thermomechanical and mechanical properties remain un
changed after the recycling processes, with only slight differences due to 
statistical dispersion. 
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