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Preparation and Characterization of Novel
Poly(thiourethane)-Poly(isocyanurate) Covalent Adaptable

Networks: Effect of the Catalysts

Federico Guerrero, Silvia De la Flor,* and Angels Serra*

Poly(thiourethane)-based covalent adaptable networks are synthesized by
reacting a trimer of hexamethylene diisocyanate (Desmodur N3300)
containing isocyanurate groups in its structure with 1,6-hexanedithiol. The
catalysts evaluated for this process include dibutyltin dilaurate (DBTDL),
lanthanum triflate (La(OTf);), and a thermal precursor of
1,8-diazabicyclo[5.4.0]undec-7-ene (BGDBU). The use of DBTDL results in the
initiation of curing upon mixing, while the other two catalysts exhibit a latency
period in the reactive mixture, with curing starting at about 90 °C. Notably,
the use of the lanthanum salt produces an additional minor exothermic
reaction at 80 °C. This phenomenon corresponds to the trimerization of
isocyanates rending isocyanurates, leaving a portion of unreacted thiols.
Materials prepared with BGDBU or La(OTf); present shorter relaxation times
than those prepared with DBTDL. Nevertheless, the materials containing the
lanthanum salt do not reach complete relaxation, likely due to the
reinforcement of the permanent network through increased isocyanurate
content. The formation of isocyanurates produces a stoichiometric imbalance,
leaving unreacted thiols. This transforms the exchange process into a dual

1. Introduction

For about a hundred years, polymeric ma-
terials have played a priority role in the de-
velopment of our society. However, in the
last decade, we are conscious of the environ-
mental problem that starts when their ser-
vice life is over. Plastics are being found ev-
erywhere in nature, many in the seas, and
this pollution is an environmental problem
and a significant health threat.
Thermoplastics can be recycled with ad-
equate waste management, but thermoset-
ting polymers cannot, and finally, there are
incinerated or landfilled.[!! Due to this fact,
many researchers are making great efforts
to solve this problem. In 1946, Stern and To-
bolsky reported an unexpected behavior in
some thermosetting polymers which could
be reprocessed without losing their proper-
ties, as if they were thermoplastics.?! Nowa-

mechanism involving a dissociative process of thiourethanes to isocyanate
and thiol, along with an interchange through thiol attacking the thiourethane
group. The materials exhibit good recyclability and self-healing characteristics.
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days, these materials are named covalent
adaptable networks (CANSs), an intelligent
solution to the problem of the lack of re-
cyclability of thermosets: the presence of
reversible groups gives dynamic nature to
the material. Covalent bonds in the network
structure experiment an exchange reaction
that allows recycling, self-healing, and self-welding after a conve-
nient stimulus (temperature or light).[>-%1 This exchange reaction
can follow a dissociative mechanism (in which the cross-linking
density decreases) or an associative mechanism (in which there
is no loss of connectivity). CANs that follow this second mecha-
nism were reported by Leibler and co-workers in 2011, and they
are called “vitrimers.” Different cross-linked polymeric materi-
als have been described as CANs, for example, poly(urethane)s
(PUs).

Polyurethanes are one of the most produced polymers in the
world (5.5% in 2021)® with applications in binders, coatings,
elastomers, and flexible and rigid foams. The sulfur analogs
of poly(urethane)s are the poly(thiourethane)s ((PTU)s). De-
spite some advantages that are present in reference to the oxy-
genated analogs, such as excellent optical properties and better
biocompatibility,[>1% they have not been so widely studied.'!]
In our research team, we have studied the preparation of
poly(thiourethane) networks with vitrimer-like properties and
easy recycling and reshaping,'>*] and also composites with
poly(thiourethane) matrix with good dispersion and enhanced
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Scheme 1. General reaction of trimerization of isocyanate groups produc-
ing an isocyanurate ring.

mechanical and vitrimeric properties.['®) We prepared these ma-
terials by a reaction between multifunctional thiols and diiso-
cyanates in the presence of acidic catalyst such as dibutyltin dilau-
rate (DBTDL)['213] or lanthanide triflates (Ln(OTf);),l'”! or basic
catalysts as 1-methylimidazol or 1,8-diazabicyclo(5.4.0)undec-7-
ene (DBU), as well as their tetraphenylborate salts.[**]

The most common chemical providers offer a wide catalog
of monomers containing thiols with different functionalities
and structures. However, the catalog of isocyanate monomers
is limited to diisocyanates as hexamethylene diisocyanate
(HDI), isophorone diisocyanate, bis(cyclohexyl isocyanate),
or isomers of toluene diisocyanate. The most industrially
used triisocyanate monomers are derived from trimerization
of different diisocyanates and are fabricated by Covestro.!8]
These triisocyanates contain isocyanurate rings, one of the
most important by-products in PU preparation due to its
symmetry and the especially stable ring (Scheme 1).'] For
their properties, functionality, and thermodynamic stability,
isocyanates containing isocyanurate groups are employed in
industry as a hardener in coating systems and biomedical
materials, mainly aliphatic, and in flame-retardant material,
mainly aromatics. They are a safer alternative to simple iso-
cyanates, which are toxic by inhalation, presenting a higher
viscosity that, and in some cases, require the use of a solvent
to control the rheological behavior. A wide variety of catalysts
have been employed for the preparation of poly(isocyanurate)?!
and poly(urethane-isocyanurate) materials such as tetrabuty-
lammonium fluoride,?!! proazaphosphatrane,??) N-heterocyclic
carbenes (NHCs),?*! tin(IV) compounds,>* rare-earth metal
complexes,[?]  potassium methoxide,?®! or palladium(0)
systems,[?’] as examples.

As far as we know, this is the first publication that re-
ports the use of industrial triisocyanates in the preparation of
PTU, and the first preparation and study of poly(thiourethane-
isocyanurate) networks. We propose the preparation of PTU ma-
terials, using as starting product Desmodur N3300, a commer-
cial trimer of HDI, and 1,6-hexanedithiol. As catalyst, we have
tested an organometallic compound of Sn(IV) (DBTDL), a rare-
earth metal triflate (La(OTf);), and an organic base generator
(1,8-diazabicyclo[5.4.0] undec-7-ene tetraphenylborate, BGDBU)
in different concentrations. The structures of the starting prod-
ucts and catalyst used are depicted in Scheme 2. We have deter-
mined the effect of each catalyst in the network structure and the
thermomechanical characteristics derived, paying special atten-
tion to the stress-relaxation ability. From our previous studies, we
know the important role of the catalyst and its proportion on the
times and temperatures needed to relax the stresses and appli-
cations that can be derived from them. Because of the industrial
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Scheme 2. Structure of the monomers and catalysts.
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availability of Desmodur N3300 and the final characteristics of
the materials obtained, a broad technological application can be
foreseen.

2. Experimental Section

2.1. Materials

Desmodur N3300 was kindly supplied by Covestro. 1,6-hexane
dithiol and chlorotrimetylsilane were from Thermo Scientific.
DBTDL was from Merck. La(OTf), was from Aldrich. Acetone
and chloroform were from Scharlab. 1,2-dichlorobenzene was
from Panreac. All products were used as received, except acetone,
which was dried following standard procedures. BGDBU was
synthesized from DBU and sodium tetraphenyl borate according
to a reported methodology.[?®! The structure of monomers and
catalysts are shown in Scheme 2.

2.2. Preparation of the Formulations

Thiol (1,6-hexaneditiol) and triisocyanate (Desmodur N3300)
were mixed in stoichiometric proportions: 1 mol of thiol group
per mol of isocyanate group. The amount of catalyst was cal-
culated as mols of catalysts per hundred mols of theoretical
thiourethane groups. The composition of formulations is shown
in Table 1.

Samples with lanthanum triflate and organic salt required dry
acetone to solve the crystalline catalysts. Once solved in the min-
imum amount, acetone was eliminated under reduced pressure

Table 1. Composition of the formulations.

Isocyanate [g] Thiol [g] Catalyst [mg]
DBTDL 0.5% 3 1.16 48.7
DBTDL 1% 3 1.16 97.4
La(OTf); 0.5% 3 1.16 45.2
La(OTf); 1% 3 1.16 90.4
BGDBU 0.25% 3 1.16 19.2
BGDBU 0.5% 3 1.16 38.4
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at room temperature. The proportion of BGDBU used was 0.5%
and 0.25% in mol due to the lower solubility of this catalyst in the
mixture.

2.3. Preparation of Materials

The materials were prepared using a Petri dish previously
silanized with a solution of chlorotrimethyl silane in chloroform
(10% in volume). The formulations were spread on the surface
and placed in an oven at 90, 100, 110, and 120 °C (for 30 min
each temperature), 140 °C (for 1 h), and 160 °C (for 2 h). After
curing, samples were demolded while still hot.

2.4. Calorimetric Study

A differential scanning calorimeter (DSC) Mettler DSC-3+ was
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 ~#10 mg were tested in aluminum pans
with a pierced lid in an inert atmosphere (N,) with a gas flow of
50 cm? min~!. The dynamic studies were performed in a temper-
ature range of 0200 °C with a heating rate of 10 °C min~!. The
glass-transition temperatures (T,s) of the cured materials were
determined by heating a small piece of cured material between 0
and 200 °C at 25 °C min~!. Enthalpies and glass transition tem-
peratures 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 ther-
mobalance. All experiments were performed under an inert at-
mosphere (N, at a flow of 50 cm® min™). Pieces of 20-30 mg
of cured samples were degraded between 30 and 800 °C, with a
heating rate of 25 °C min~'.

2.6. Infrared Spectra

Fourier-transform infrared (FTIR) spectra were recorded with a
spectrometer Jasco FTIR 6700, in absorbance mode, with a reso-
lution of 4 cm™!, in the wavelength range from 400 to 4000 cm™,

and with 32 scans of each spectrum.

2.7. Raman Spectroscopy
Raman spectra were recorded with a spectrometer Raman Ren-

ishaw InVia, with a resolution of 1 cm™' in the spectral range
from 400 to 3100 cm™.

2.8. Viscoelastic and Thermomechanical Properties

The viscoelastic and thermomechanical properties were evalu-
ated using a thermal dynamic mechanical analyzer (DMA) Q800
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analyzed from TA Instruments using a film tension clamp. Cured
samples were die-cut in about 20 mm x 5 mm rectangular areas.

The evolution of tané and storage modulus with the tempera-
ture was investigated at a heating rate of 3 °C min~! from —50 to
200 °C, at 1 Hz and 0.1% strain.

Tensile-stress-relaxation tests were conducted using samples
with the dimensions previously defined. The samples were equi-
librated at 155 °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 2 h. Then, the temper-
ature was increased 5 °C, and the process was repeated until the
final temperature of 180 °C was reached. Relaxation stress o (%)
was normalized to the initial stress (o), and the relaxation time
(r) was determined as the time necessary to relax 0.37c,,. With
the relaxation times obtained at each temperature, the activation
energy values (E,) and the pre-exponential factor (A) were calcu-
lated by using an Arrhenius-type equation

ES.

In(r) = T In (A) (1)
where 7 is the time needed to attain a given stress-relaxation value
(0.375,), R is the gas constant, and T the absolute temperature.
The topology freezing temperature (T, ), the temperature at which
the material reaches a viscosity of 10'2 Pa s, was obtained from the
Arrhenius equation. Using Maxwell’s relation and E’ determined
from DMA (assuming E’ was relatively invariant in the rubbery
state), 7* was determined for each sample. The Arrhenius rela-
tionship was then extrapolated to the corresponding value of 7*
to determine T, for each sample.

To determine the viscosity at each temperature needed to rep-
resent the Angell fragility plot, a series of creep experiments
were performed on films, taking temperatures between 140 and
190 °C, with an increase of 5 °C in each test. To perform the es-
says, the selected temperature was maintained for 3 min, and a
stress level of 0.1 MPa was applied for 30 min. The viscosity 5 (Pa
s) was obtained from the creep curves, considering the linear part
of the variation of the strain and fitting it with linear regression.
The strain rate e “was obtained from the slope of the linear fit. The
viscosity # was calculated according to the following equation

(o}
n=-=-
I3

(2)
and represented against T,/ T, obtaining the Angell fragility plot.
2.9. Tensile Tests

Tensile strength tests were performed in dog-bone type V sam-
ples at room temperature, using an electromechanical universal
testing machine UTS Shimadzu AGS-X with a 1000 N load cell at
5 mm min~' according to American Society for testing and mate-
rials (ASTM) D638-14 standard. Three samples of each material
were tested, and the average results were presented.

2.10. Recycling

The recycled samples were obtained by cutting the cross-linked
polymer into small pieces and hot-pressing at 15 MPa in an
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aluminum mold at 190 °C for 30 min. 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.

2.11. Self-Healing Tests

Self-healing tests were made by scratching the specimens with a
doctor’s blade. Then, they were maintained in an oven at 190 °C
for 30 min and were inspected from time to time to monitor the
evolution of the scratch by taking photographs using a Digital
Microscope Leica DMS1000.

2.12. Gel Content Determination

The determination of gel content in the materials was conducted
as follows: small pieces of the materials weighing 0.1-0.2 g (pre-
viously dried under reduced pressure at 80 °C overnight) were
initially weighed (m,) before being introduced into a vial contain-
ing 1,2-dichlorobenzene. The vial was closed, heated at 150 °C for
24 h, and then cooled to room temperature. The polymer sample
was dried under reduced pressure at 80 °C overnight. Then, the
sample was weighed again (m), and the gel content was calculated
using Equation (3)

Gel content (%) = 100 [1 - <w)] (3)

my

3. Results and Discussion

3.1. Study of the Curing Process

Thiol-isocyanate reactions can be performed with acidic and
basic catalysts. The most typical catalyst is a Lewis acid, DBTDL.
However, in a recent work of our group, we demonstrated that
Ln(OTf), also catalyzes the curing process.I'”] Moreover, these
lanthanide salts lead to a faster stress relaxation than DBTDL
of the cross-linked materials prepared. Finally, the toxicity of
lanthanide salts is much lower than Sn(IV) complex, being also
water and oxygen tolerant.[?*3°) Among lanthanide triflates,
the lanthanum salt demonstrated the highest efficacy in stress
relaxation, prompting its selection for the current study. Pre-
vious publications from our research team have outlined the
benefits of organic base generators, such as BGDBU, which
not only facilitate temporal control of the curing process but
also enhance the relaxation rate of vitrimeric materials.1*31]
Taking these precedents into account, we selected these three
catalysts and tested them in different proportions to cure the
three-functional Desmodur isocyanate with a difunctional thiol,
1,6-hexane dithiol to see the effect of the catalyst in the curing
process, in the material’s characteristics and relaxation behavior.
Stoichiometric formulations of comonomers were used to reach
the highest cross-linking degree.

The curing process of the different formulations with
0.5% mol mol~! of catalysts was investigated by DSC. The ob-
tained curves are shown in Figure 1 and Figure S1 (Supporting

Macromol. Rapid Commun. 2024, 45,2400330 2400330 (4 of 12)

www.mrc-journal.de

5
— DBTDL 05 %
—— La(OTf, 0.5 %

g"’ 1 —— BGDBU 0.5 %

e

g3

x

)

2 24

o

S 1

T

0 _

0 25 50 75 100 125 150 175 200
Temperature (°C)

Figure 1. DSC curves for the curing of formulations catalyzed by 0.5% mol
mol~! of the different catalysts.

Information). The most significant data extracted are collected in
Table 2.

As can be seen, the shape of the curves is quite different.
Whereas the formulation containing DBTDL produces a broad
exotherm with a relatively undefined starting point, La(OTf),
sample leads to a very sharp exotherm, which indicates that when
the reaction starts, the curing rate is very fast, even faster than the
curing using the organic base generator, BGDBU. This can ex-
plain what happened during the preparation of the formulation.
The addition of DBTDL slowly started the curing, even at room
temperature, and the increase in the mixture’s viscosity could be
noticed, compromising the stability of the formulation. By con-
trast, the other two formulations did not increase the viscosity
overnight. When we increased the amount of catalyst in the sam-
ples with DBTDL, only a small shift of the curve at lower temper-
atures could be observed (Figure Sla, Supporting Information).
However, no differences could be observed in the mixture with
BGDBU (Figure S1b, Supporting Information) when the amount
of catalyst was reduced. This is because DBU, the real catalyst, is
not released until reaching a temperature of 90 °C. Thus, this
catalyst can be considered a latent catalyst that becomes only
active at high temperatures, as was described previously.l'*] In
the samples catalyzed by La(OTf),, we could realize that on in-

Table 2. Main calorimetric data extracted from DSC studies for the curing
of the formulations studied.

Sample T [°C AHP [k eq7"] 7,9 [°C]
DBTDL 0.5% 141 76 62
DBTDL 1% 127 79 60
La(OTf); 0.5% 137 68 62
La(OTf); 1% 130 50 45
BGDBU 0.25% 141 57 62
BGDBU 0.5% 141 62 61

. b . .
3 Temperature of the maximum of the exotherm; )Enthalpy released in the thiol—
isocyanate reaction by equivalent of isocyanate;  Glass transition temperature of
the cured material.
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Figure 2. a) Calorimetric curves and b) enlargement of the curing of the formulations with 0.5% and 1% mol mol~" of La(OTf);.

creasing its proportion in the formulation, there is an increase
in the intensity of a small peak at about 80 °C and the shift of
the main exotherm at lower temperatures, as can be observed in
Figure 2. In a previous study on the curing of HDI with trimethy-
lolpropane tris(3-mercaptopropionate (Figure S3, Supporting In-
formation) using different lanthanide triflates as catalysts, we
also observed a small peak at similar temperatures, which was
attributed to the formation of isocyanurate rings by cycloaddition
of isocyanates.!'”] The structure of this moiety was confirmed by
FTIR analysis. In the published study, the formation of isocya-
nurates was more evident in the lanthanum salt and less in the
ytterbium counterpart. Thus, the size and the coordination ability
of the cation affect the formation of this isocyanurate structure.

The data presented in Table 2 show that the curing enthalpies
are in the range of 50-80 k] mol~!, similar to those obtained in
other thiol-isocyanate formulations.[*'! Any significant effect of
the catalyst concentration in the enthalpy is observed, except for
La(OTf), formulations. In this case, the enthalpy measured cor-
responds to the second of the two processes observed by DSC:
a higher amount of triflate leads to a higher conversion of iso-
cyanate to isocyanurate at 80 °C and, for that, to a lower amount
of free isocyanate groups that can react with thiols at a higher
temperature and consequently to a lower reaction enthalpy. The
T, remains generally similar in all cases, and it seems not influ-
enced by the catalyst and its proportion. Again, in La(OTf); mate-
rials, we can observe an exception to this behavior, a significative
reduction of glass transition temperature when the amount of tri-
flate increases. It can be explained by the isocyanurate formation
that leads to excess free thiols in the final material, changing the
structure of the network.

The cured materials were studied by infrared and Raman spec-
troscopy. FTIR spectra of materials with the same amount of each
catalyst are shown in Figure 3. FTIR spectra of materials with dif-
ferent amounts of the catalysts studied are presented in Figure S2
(Supporting Information).

In the FTIR spectra, we can observe the total absence of the
band in the NCO stretching region (2250 cm™), confirming that
all isocyanate groups have reacted. At 3300 and 1650 cm™!, the
N—H and C=0 stretching of the thiourethane group can be ob-

Macromol. Rapid Commun. 2024, 45, 2400330 2400330 (5 of 12)

served. As reported in a previous paper,['”] C=0 stretching of the
isocyanurate group absorbed at 1680 cm™' overlapped with the
thiourethane absorption. This fact hinders the relative quantifi-
cation of both groups and the evaluation of the proportion of iso-
cyanurate moieties formed when the lanthanum salt has been
used as the catalyst. Due to the presence of isocyanurates in the
Desmodur oligomer, few differences in the spectra could be ob-
served among the three catalysts. Thus, FTIR spectroscopy allows
us to dismiss the free isocyanate group’s presence and confirm
that the curing has been completed. However, it does not give
much information about the secondary reaction of the isocyanate
cyclotrimerization. Moreover, it does not allow us to know the
presence or absence of the free thiol group since the S—H stretch-
ing (2600-2550 cm™ region) presents a negligible absorbance in
this technique. For this reason, we have recorded Raman spectra
(Figure 4), in which thiol groups present a significative absorp-
tion in this region. When we zoom in on this region, we can ob-
serve the presence of free thiols in the materials prepared with
La(OTf); because of the isocyanurate formation that reduces the

1.0/ ——DBTDL05 %
—— La(0Tf); 0.5 %
—_— 0,
_ 084 BGDBU 0.5 %
5
S
9 0.6+
C
©
£ 044
o
N
o]
<€ 0.2
0.0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)

Figure 3. FTIR-attenuated total reflectance (ATR) spectra of the materials
prepared with 0.5% of the three catalysts studied.
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Figure 4. Raman spectra of the materials prepared with a) 0.5% of the different catalysts studied and b) a zoom in 2500-2750 cm~" region.

amount of isocyanate able to react entirely with thiols, confirm-
ing indirectly the formation of isocyanurate structures with this
catalyst.

Since using La(OTf); leads to the loss of stoichiometry in iso-
cyanate/thiol groups, it is valuable to determine the gel content to
know if this affects the network integrity. In Figure 5, the gel con-
tent of these materials, after a dissolution test for 24 h at 150 °Cin
1,2-dichlorobenzene, is collected and it is higher than 95% for all
the materials except for the materials prepared with this catalyst.
The gel content in La(OTf); materials diminished by increasing
the proportion of catalyst in the formulation. This fact indicates
that a small amount of material remains unattached to the net-
work structure, and it solubilizes and also agrees with the lower
T, of these materials.

3.2. Evaluation of the Thermal Stability

The thermal stability of the materials was evaluated by TGA, and
the main data extracted are collected in Table 3. Figure 6 shows
the first derivative of the weight loss (DTG) of the TGA test of ma-
terials with the same amount of each catalyst. DTG curves of the

96.5 96.3 93.9 87.5 96.9 96.8

90
80
70
60
40
30
20
10

0

DBTDL DBTDL La(OTf)3 La(OTf)3s BGDBU BGDBU
0.5% 1% 0.5% 1% 0.25% 0.5%

Gel content (%)

Figure 5. Gel content for all the materials prepared.
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Table 3. Data obtained from TGA analysis of materials in N, atmosphere.

Tye?) [°C] Tso,? [°C] Char yield9 [°C] Toa) [°C]
DBTDL 0.5% 278 300 5.36 342/470
DBTDL 1% 273 299 6.23 340/469
La(OTf); 0.5% 261 290 3.67 336/475
La(OTf); 1% 254 286 3.80 328/473
BGDBU 0.25% 260 283 3.49 329/475
BGDBU 0.5% 252 281 3.54 325/471

? Temperatures of initial degradation (2% of weight loss); b)Temperatures of ini-
tial degradation (5% of weight loss); 9 Remaining weight percentage at 800 °C;
)Temperatures of the maximum degradation rates of the two steps.

samples prepared with different amounts of each catalyst studied
are presented in Figure S3 (Supporting Information).

All materials’ initial degradation temperatures are above
200 °C, so they can resist a usual mechanical recycling process,

o

o

S

S
1

-0.002

-0.004 +

-0.006

—— DBTDL 0.5 %
—— La(OTf), 0.5 %
—— BGDBU 0.5 %

-0.008

Loss weight first derivative (1/°C)

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. DTG of the curves of the materials prepared with 0.5% of the
different catalysts studied in a N, atmosphere.
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Figure 7. Dependence of tans with the temperature of materials prepared with a) DBTDL, b) La(OTf);, and c) BGDBU as catalysts in different concen-

trations.

usually performed below 200 °C, without appreciable thermal
degradation. In all cases, a higher amount of catalyst leads to
an earlier start of the degradation process, because the catalyst
also plays a role in these processes. It can also be considered that
the presence of some free thiols in La(OTf),-catalyzed materials
could also advance the degradation. At the same catalyst concen-
tration (0.5%), materials prepared using DBTDL present a higher
resistance to temperature than those prepared with La(OTf), and
BGDBU. A later degradation of poly(thiourethane) networks pre-
pared with DBTDL, in comparison with those prepared with lan-
thanum triflates or base precursors, has been previously reported
by our group.'’”] The Ty, of a PTU prepared from HDI and S3
was 268 °C using DBTDL and 256 °C using La(OTf);. In another
work of our group, PTU materials prepared from HDI and a mix-
ture (1:3) of thiols derived from limonene and squalene, Ts,, was
258 °C with DBTDL and 248 °C with BGDBU.*? Thus, the initial
degradation at lower temperatures when using the lanthanum
salt or the DBU salt is a general trend in PTUs. The presence
of isocyanurate groups in the Desmodur improves the thermal
stability of the cross-linked materials.

The DTG curves of the materials show two main degradation
peaks, independently of the catalyst employed. The first step, be-

Macromol. Rapid Commun. 2024, 45, 2400330 2400330 (7 of 12)

tween 325 and 342 °C, is related to the reversion of thiourethane
to isocyanate and thiol.B!l The second, at 469-475 °C, is related
to the complete degradation of the network. The reversion of
thiourethane groups presents a high dependence on the catalyst
employed. With DBTDL, this process occurs at higher tempera-
tures than with La(OTf); and BGDBU. However, there is no sig-
nificant difference when the amount of catalyst is doubled, with
the exception of La(OTf); materials, which can be explained by
the presence of free thiols. The total degradation of the networks
does not have any dependence of the catalyst employed and its
concentration.

3.3. Thermomechanical Characterization

Materials were characterized by DMA to evaluate their thermo-
mechanical properties and compare them to the same system
but using different catalysts and different amounts of catalyst.
Figure 7 shows the evolution of tané with temperature. The main
data extracted are collected in Table 4. Storage modulus evolution
with temperature for each material is shown in Figure S4 (Sup-
porting Information).
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Table 4. Main data extracted from DMA analysis of several materials pre-
pared.

Tans™ [°C] FWHM®) [°C]  Egaeqy? [MPa]  Epyppery® [MPa]
DBTDL 0.5% 69 12 1552 127
DBTDL 1% 67 14 1573 13.1
La(OTf); 0.5% 68 24 1669 1.2
La(OTf); 1% 52/73 35 1568 8.0
BGDBU 0.25% 70 12 1646 15.2
BGDBU 0.5% 69 18 1631 16.2

2 Temperature of the maximum of the tans peak; P Fyll vzidth at the half height of
tané peak; 9 Storage modulus obtained at T, 5 — 50 °C; )Storage modulus deter-
mined at T,,,5 + 50 °C.

ané

As depicted in Figure 7, variations in the proportion of DBTDL
and BGDBU do not significantly affect the thermomechanical
properties of materials. Both exhibit similar tané curves with
a high level of uniformity, although a rise in catalyst quantity
marginally enhances heterogeneity (as evidenced by a slight in-
crease in full width at half maximum (FWHM)). However, the ra-
tio of La(OTf), notably impacts thermomechanical behavior. The
sample La(OTf), 0.5% presents a small shoulder at the right side
of its tan§ that, when the amount of catalyst is doubled, ends up
becoming a well-defined second peak, indicating the presence
of a second phase in the network. We could relate this to what
was observed in Section 3.1, the existence of a secondary reac-
tion, which consists of forming isocyanurate rings, that breaks
the stoichiometric imbalance of the thiol-isocyanate reaction. At
the temperature at which the isothermal curing process begins,
which is 90 °C, both reactions (trimerization and thiourethane
formation) coexist simultaneously. That could generate areas in
which trimerization reaction was more favored, giving to the ma-
terial domains with a higher concentration of isocyanurate and a
higher concentration of free thiols. Isocyanurate groups act as a
cross-linking point in the structure, so domains in which isocya-
nurate formation has been more favored would be related to the
peak at higher temperature (73 °C). Meanwhile, the peak at 52 °C
would be related to the glass transition of the domain in which
the thiol-isocyanate reaction has been the most favored.

If isocyanurate rings increase the cross-linking degree, the ex-
istence of unreacted thiol groups reduces it. The data of the stor-
age modulus in the rubbery region, strongly related to the cross-
linking density, show that the negative effect of free thiols in
cross-linking density predominates over the positive effect of the
formation of isocyanurate groups, being the storage modulus in
this region lower than the obtained in materials prepared with
the other two catalysts. On increasing the proportion of the lan-
thanum catalyst in the formulation, the rubbery modulus also
decreases as the result of the lower cross-linking degree.

3.4. Vitrimeric Characterization

Poly(thiourethane) groups, at high temperatures and in the pres-
ence of a sufficient amount of an acidic or basic catalyst, can ex-
perience an exchange reaction named trans-thiocarbamoylation
that follows a dissociative mechanism in which the thiourethane
group leads to isocyanate and thiol that very fast react to give

Macromol. Rapid Commun. 2024, 45, 2400330 2400330 (8 of 12)
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the thiourethane group again (Scheme 3a). Earlier research has
demonstrated that this type of material exhibits a vitrimeric-like
behavior when heated, as it follows an Arrhenius-type relation-
ship between viscosity and temperature increase.['2717]

The vitrimeric properties of the prepared materials were eval-
uated by conducting stress-relaxation experiments using DMA.
The chosen temperatures were significantly above the T, en-
abling the structure to exhibit a degree of freedom adequate for
the exchange reaction. Figure 8 illustrates the stress-relaxation
curves recorded at 180 °C for materials produced with the max-
imum quantity of each catalyst, and the key data from all stress-
relaxation experiments are summarized in Table 5. Figure S5
(Supporting Information) depicts a stress-relaxation experiment
at 180 °C for materials prepared with varying amounts of the in-
vestigated catalysts.

When comparing samples prepared at the identical catalyst
concentration (0.5%), the sample containing BGDBU exhibits
the fastest relaxation process, arriving to the characteristic relax-
ation time in 1.1 min, followed by the La(OTf),-containing sam-
ple in 3 min, and ultimately, the DBTDL sample, achieving a
6/o, = 0.37 in 21.9 min. The accelerated relaxation kinetics of
BGDBU samples compared to DBTDL-catalyzed materials has
been previously documented in other thiol-isocyanate systems.
In the S3/HDI system, Gamardella et al. reported a characteristic
relaxation time at 180 °C of 1.3 min with 0.05% BGDBU, while
the sample with 0.05% DBTDL did not attain a o/o, = 0.37 within
1 h.['2] Guerrero et al. observed a similar trend in materials de-
rived from a mixture of thiols from limonene and squalene, and
HDI. In the sample with 3:1 limonene/squalene, thiols and 4%
BGDBU relaxed o/6, = 0.37 in 10 s, whereas the equivalent sam-
ple with 4% DBTDL took 2.8 min to achieve the same relaxation
level.[3%!

In contrast to DBTDL, La(OTf); demonstrates a faster re-
laxation process comparable to those determined in BGDBU-
catalyzed materials. This observation aligns with findings from
a different study involving materials prepared from S3/HDI. In
that study, the characteristic relaxation time at 180 °C was 3.5 min
for the La(OTf); 1% sample and 24 min for the DBTDL 1%
sample.l'”] The faster exchange kinetics with La(OTf), compared
to DBTDL could be attributed to the free thiol groups remaining
in the material, caused by the trimerization of isocyanate, that
can initiate a secondary exchange mechanism, with an attack of
the thiol to the electrophilic carbon of the thiourethane group, as
shown in Scheme 3b.1*]

Torkelson and co-workers(*}] described a relaxation mecha-
nism in polythiourethane networks involving both associative
and dissociative processes. They observed that a modest excess
of thiol groups (10 mol%) decreases thiourethane reversion,
facilitating exchange reactions between thiol and thiourethane
groups. This enhancement results in outstanding recovery dur-
ing repeated recycling steps. Bowman and co-workers explored
the thiourethane exchange mechanism, considering the catalyst
as a variable.?*l They validated the dual mechanism previously
proposed by Torkelson and co-workers, demonstrating its modi-
fiability based on the catalyst’s nature.

A noteworthy distinction observed in the stress-relaxation
curves is the complete relaxation achieved by the DBTDL and
BGDBU materials at 15 and 30 min, respectively. By contrast,
the La(OTf), sample maintains a consistent residual stress of 4%.
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Scheme 3. Possible exchange mechanisms of thiourethane groups in excess thiol. a) Thermal reversion and b) thiol-thiourethane exchange.
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Figure 8. Normalized stress-relaxation curves at 180 °C for materials pre-
pared with the maximum proportion of the different catalysts studied.
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This phenomenon may be attributed to the formation of isocya-
nurate structures that reinforce the permanent network. How-
ever, this remaining stress does not impede the reformation of
these materials.

To calculate the kinetic parameters of the stress-relaxation phe-
nomena with all catalysts, we conducted stress-relaxation exper-
iments at various temperatures for each material type. Figure 9
highlights a clear relationship between relaxation time and tem-

Table 5. Main data extracted from stress-relaxation experiments.

Tis0oc® [min]  E, [k mol”l]  InA 2 7,9 °q)
DBTDL 0.5% 21.9 92 172 0.9957 114
DBTDL 1% 8.9 72 128 0.9956 85
La(OTf); 0.5% 3.0 108 236 0.9990 98
La(OTf); 1% 14 30 168  0.9936 68
BGDBU 0.25% 3.4 99 208 0.9947 9%
BGDBU 0.5% 11 77 162 0.9953 62

¥ Time to reach a value of o/oy = 0.370, at 180 °C; ® activation energy of the ex-
change process determined by relaxation of stresses;  Topology freezing tempera-
ture derived from Arrhenius relationship.

Macromol. Rapid Commun. 2024, 45, 2400330 2400330 (9 of 12)
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Figure 9. Normalized stress-relaxation curves at different temperatures
for the sample La(OTf); 0.5%.

perature, with the lanthanume-catalyzed sample serving as a rep-
resentative illustration.

From the values of 7, ;, at each temperature, the Arrhenius re-
lationships were derived for all the materials. Figure 10 shows the
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Figure 10. Arrhenius plot of relaxation times against the inverse tempera-
ture for all the materials prepared, obtained from relaxation experiments.
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Figure 11. Angell fragility plot of the logarithm of the viscosity as a func-
tion of the inverse of temperature. The relation for silica has been included
as the reference.

evolution of these values against the inverse of the temperature.
The calculated activation energies and the adjusting parameters
are included in Table 5.

The plots of relaxation times against inverse temperature fit
perfectly with an Arrhenius-type relationship, indicated by the ex-
cellent correlation factor, and confirming the vitrimer-like behav-
ior previously reported for poly(thiourethane) networks for all the
catalysts tested. The activation energies obtained from the slope
of the linear fitting are 72-108 k] mol~!, reducing in all the cases
with the increasing amount of catalyst. From the Arrhenius re-
lationships and using Maxwell equation, we can also determine
the T,, defined as the temperature at which the material reaches
a viscosity of 10'? Pa s. The calculated T,s are above T, in all
cases and decrease with the reduction of the catalyst concentra-
tion (see Table 5).

After the stress-relaxation tests at different temperatures, in
which the materials have been subjected to high temperatures
for a long time, the possibility of a structural change or even a
degradation of the materials could be possible. By DMA, a sec-

—— BGDBU 0.5 % virgin

(a) 1.4
—— BGDBU 0.5 % recycled

1.2

0-0 T T T T T T T T T
50 26 0 25 50 75 100 125 150 175 200

Temperature (°C)

www.mrc-journal.de

ond tané evaluation was conducted on the relaxed samples with-
out observing any significative change in its tané peak, dismiss-
ing any structural change or degradation (see Figure S6 in the
Supporting Information).

Creep experiments were conducted at various temperatures to
derive the Angell fragility plot for the samples containing the
higher concentration of each catalyst. The Angell fragility plot
is depicted in Figure 11. As can be seen, all materials prepared
show a linear dependence of the viscosity with relative temper-
ature, similar to vitreous silica and above this reference. There-
fore, they can be considered as strong-glass formers, thanks to
their vitrimeric character, in contrast to thermoplastics, which are
fragile liquids.

Through creep experiments, we determined the activation en-
ergies for the three tested materials and, again, their respec-
tive T,s. The activation energies were calculated as 71, 82, and
89 k] mol~! for the samples containing DBTDL 1%, La(OTf), 1%,
and BGDBU 0.5%, respectively, very similar to those obtained
through stress-relaxation tests. Furthermore, the T, values de-
rived from creep experiments were somewhat different from the
ones obtained through the alternative methodology, measuring
85, 50, and 94 °C for the samples DBTDL 1%, La(OTf); 1%, and
BGDBU 0.5%, respectively. These differences may be attributed
mainly to statistical reasons.

3.5. Recycling

Accordingly, to Figure 10, the material exhibiting the faster relax-
ation kinetics, namely BGDBU 0.5%, was chosen to validate the
recyclability of these materials. The material was cut into small
pieces and subjected to hot-pressing at 15 MPa and 190 °C for
30 min. A thermomechanical analysis by DMA was conducted
on both the initial BGDBU 0.5% and its recycled counterpart, as
depicted in Figure 12. The results indicate that the network struc-
ture remains unaltered after the recycling process, aligning with
our expectations.

A tensile test was conducted on both the pristine and recycled
BGDBU 0.5% to assess their stress—strain behavior. For this pur-
pose, samples were die-cut into dog-bone shapes and tested us-
ing the UTS Shimadzu AGS-X. Ten samples were tested and the

(b) —— BGDBU 0.5 % virgin
Py —— BGDBU 0.5 % recycled
@ 1000
o
=3
2]
2
>
©
o
€ 100
(0]
(@]
©
9
%)
10 T T T T T T T T T
50 -25 0 25 50 75 100 125 150 175 200

Temperature (°C)

Figure 12. a) Plots of tané and b) storage moduli evolution with temperature of the virgin BGDBU 0.5% and after the recycling process.
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Figure 13. Optical microscope images of the thermal self-healing process at 190 °C at different times for the sample BGDBU 0.5%.

Table 6. Main data extracted from tensile test at break for virgin and recy-
cled sample.

Sample Stress at break Strain at break  Tensile modulus
[MPa] [%] [MPa]

BGDBU 0.5% virgin 176 + 1.8 1.74 + 0.2 1360 + 31

BGDBU 0.5% recycled 15.5+23 1.31+02 1147 + 37

average results are summarized in Table 6, and a representative
stress—strain curve of both materials is plotted in Figure S7 (Sup-
porting Information).

As evident from the mechanical parameters derived from the
tensile tests in Table 6, the BGDBU 0.5% sample presents quite
similar behavior before and after the recycling process. Minor
variations in mechanical properties can be attributed to the ex-
ceptionally rigorous conditions of the process and the statistical
dispersion of the results. It should be commented that the recy-
cling process was not optimized in time, temperature, and pres-
sure and therefore, these differences in mechanical characteris-
tics can be even reduced.

3.6. Self-Healing Behavior

Self-healing tests were conducted by merely scratching the spec-
imens using a doctor’s blade and inspecting the evolution of the
scratch at different times through optical microscopy. Figure 13
presents the optical microscope image illustrating the self-
healing process of the BGDBU 0.5% material, which was com-
pleted within just 30 min at 190 °C.

The capacity of these materials to self-heal can be attributed to
two distinct reversible interactions: the trans-thiocarbamoylation
reaction between thiourethane groups and the establishment
of hydrogen bonding among these groups, working coopera-
tively. The self-healing process is triggered by temperature, par-
ticularly when elevated above the T,. This dual reorganization
mechanism, involving both covalent and noncovalent interac-
tions, was initially proposed by Lehn and co-workers for poly-
meric iminocarbohydrazides.!]

4, Conclusions

In this study, novel poly(thiourethane)—poly(isocyanurate) CANs
were synthesized and characterized using different catalysts:
DBTDL, La(OTf);, and a thermal precursor of BGDBU. The
results showed distinct curing behaviors and efficiencies for

each catalyst. DBTDL initiated curing immediately upon mixing,
whereas La(OTf), and BGDBU exhibited delayed curing, starting
around 90 °C. Notably, La(OTf), induced an additional exother-
mic reaction at 80 °C, indicating the formation of isocyanurate
rings and a resulting stoichiometric imbalance due to unreacted
thiols. Tané experiments revealed the presence of domains with
varying degrees of cross-linking due to this secondary reaction.

Creep and stress-relaxation experiments confirmed the
vitrimer-like behavior of these materials. Materials cured with
BGDBU and La(OTf); exhibited shorter relaxation times com-
pared to those cured with DBTDL. However, the presence
of La(OTf); led to an incomplete relaxation, likely due to the
reinforcement of the permanent network by the increased isocya-
nurate content. The dual mechanism of exchange involving both,
thermal reversion of thiourethane group and thiol-thiourethane
exchange, was evidenced by the resulting material properties.

The materials demonstrated significant recyclability and self-
healing characteristics. The BGDBU 0.5% material retained its
network structure after mechanical recycling, confirmed by tané
experiments and tensile test. Self-healing tests indicated that the
materials could repair surface damages at elevated temperatures,
underscoring their practical potential for applications requiring
circularity, durability, and repairability.

These  materials  represent  the  first  reported
poly(thiourethane)—poly(isocyanurate) networks with recy-
clability and self-healing properties, attributed to the dynamic
behavior of the thiourethane group. Additionally, this study is
the first to use an industrially available triisocyanate, Desmodur
N3300 in PTU preparation, providing a safer alternative to
previously employed diisocyanates.
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