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A B S T R A C T

The catalytic activity of scandium triflate, known for its efficiency in transimination reactions, as well as 
lanthanum and ytterbium triflates, was explored in promoting imine metathesis reactions in Covalent Adaptable 
Networks (CANs). In the present work, we focused on a previously examined system where bisphenol A digly
cidyl ether (DGEBA) was cured with a telechelic primary amine-terminated polyimine oligomer. The resulting 
material exhibited vitrimeric behavior ascribable to the imine metathesis reaction. The structure of the oligomer 
was characterized by 1H NMR and its molecular weight was determined by end-groups analysis, after deriva
tization with tert-butyl isocyanate. To overcome the limitations in the stress relaxation process, caused by the 
network structure, we explored the addition of some rare-earth triflates to see if they could accelerate the ex
change process. Fourier-transform infrared (FTIR) spectroscopy confirmed the absence of by-product formation 
during the curing process with these catalysts, while differential scanning calorimetry (DSC) was used to assess 
their potential effects on curing kinetics.

Thermomechanical properties were evaluated through dynamic thermomechanical analysis (DMTA). Our 
findings revealed a complex effect of the triflate salts on the creep resistance of the materials. These catalysts 
enhanced deformation stability through imine-metal coordination but simultaneously reduced activation en
ergies for the exchange process, balancing structural integrity with dynamic adaptability.

1. Introduction

Vitrimers are being considered as a sustainable option for recycling 
thermosetting materials. They consist of a three-dimensional network 
with exchangeable groups, allowing them to be reshaped or recycled 
once they reach the end of their service life. Among all the dynamic 
chemistries suitable for developing vitrimeric materials, the imine 
metathesis reaction has attracted the interest of many academic re
searchers for a long time. Zhang et al. [1] designed a catalyst-free 
malleable polyimine network from commercially available aldehydes 
and amines, which could be reprocessed by applying water or heat to 
obtain efficiently recycled samples without the loss of mechanical per
formance. Subsequently, the same group tested polyimine vitrimers as 
binders in carbon fiber reinforced composites (CFRC) by adding a single 
layer carbon fiber fabric, resulting in carbon fiber reinforced composites 
(CFRCs) that could be easily molded into shapes with three-dimensional 
(3D) curvatures [2]. Abu-Omar and co-workers were the first to syn
thesize a diepoxy compound containing an imine group in its structure 

by condensation of vanillin with 4-aminophenol and subsequent epox
idation reaction of the obtained diphenol product with epichlorohydrin 
[3]. As a result, they obtained a thermoset material with high me
chanical performance and good vitrimeric behavior with short relaxa
tion times even at low temperatures, and demonstrated the high 
malleability and the self-welding properties of these imine-containing 
polymers.

Our group made a step forward by developing a fully bio-based 
epoxy monomer containing imine and disulfide groups, which exhibi
ted extremely fast stress relaxation when cured with different com
mercial amines [4]. These materials not only resulted fully chemically 
degradable and mechanically recyclable but also allowed the prepara
tion of CFRCs with competitive mechanical properties.

An alternative route involves the preparation of telechelic linear 
polyimine oligomers as dynamic hardeners. This route appears to be 
more suitable for technological applications, as it allows for the use of 
various types of commercial glycidyl resins. Following this methodol
ogy, Liu et al. prepared a series of epoxy vitrimers from diglycidylether 

* Corresponding authors.
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of bisphenol F and a polyimine oligomer prepared from terph
thalaldehyde and 3-aminobenzylamine [5]. Our group investigated in 
detail the effect of the length of the polyimine oligomer and the pro
portion of two different amines (Jeffamines and diethylendiamine) used 
in its synthesis in an epoxy-amine system [6]. Promising results were 
obtained by this approach in modulating the glass transition tempera
ture and tuning the activation energy of the exchange reaction.

In the same context, it is well known that the kinetics of an exchange 
reaction is reflected in macroscopically measurable material properties, 
such as the relaxation rate of an applied mechanical stress. From this 
point of view, several factors affect the kinetics of the process, such as 
the mobility of the network and the distribution of the dynamic groups 
in the overall polymeric structure. From this perspective, although the 
typically rapid exchange reaction in the absence of a catalyst is a 
defining characteristic of imine metathesis-based materials, incorpo
rating chemical species that can accelerate the exchange process offers a 
promising strategy to address the limitations imposed by the network 
structure and achieve higher stress relaxation rates.

Considering kinetic aspects, rare-earth triflates are widely employed 
as Lewis acid catalysts in organic synthesis. The main advantages of 
these catalysts over other Lewis acids are their commercial availability, 
their low toxicity [7], their tolerance to air, moisture, and protic solvents 
[8], and their ease of handling and recycling. Furthermore, rare-earth 
cations have low electronegativity and strong oxophilicity, and the ef
fect of the triflate anion, which has an electron withdrawing capacity, 
increases their Lewis acidity [9]. Moreover, the Lewis acidity and the 
coordination ability can be modulated by changing the rare-earth metal 
[10]. Finally, these Lewis acids are very advantageous because they 
possess a higher activity and less corrosive behavior compared with 
Brønsted acids [11].

The catalytic activity of triflates of various metals was proved in the 
reaction between amines and nitriles [12]. In addition, it has been 
shown that rare-earth triflates are one of the best catalysts for ring- 
opening polymerization. [13–15] Our group reported their use in the 
curing of epoxy resins [16,17] and in the copolymerization of epoxy 
resins with lactones. [18,19] Their use as catalysts in C–C bond-forming 
reactions has been deeply investigated, demonstrating their versatility 
in a wide range of organic reactions such as aldol, Michael, allylation, 
Diels-Alder, Friedel-Crafts, and glycosylation reactions [20]. Moreover, 
scandium triflate was found to be a promising catalyst in the imine 
formation [21,22] and in the transimination reaction, [23,24] which is 
one of the responsible exchange reactions for the stress relaxation in 
polyimine covalent adaptable networks (CANs). Rare-earth metal tri
flates have also shown their ability to enhance the relaxation rate of poly 
(thiourethane) [ 25] and poly(amido-imide) [26] CANs. Thus, the 
extreme versatility of these Lewis acids makes them very promising to be 
used in the field of CANs as catalysts for the exchange reaction.

Taking into account mechanical aspects in vitrimer materials, 
Schoustra and Smulder explored how metal coordination influences the 
relaxation and creep resistance of polyimine CANs [27]. Their findings 
showed that enhancing metal coordination with the imine groups can 
improve both the material properties and creep resistance. Conse
quently, adding rare-earth triflates, known for their strong coordination 
capabilities, to the curing formulation can influence not only the kinetics 
of stress relaxation but also the curing process and the final properties of 
the resulting vitrimers. However, it must be noticed that they started 
from isophthalic aldehyde and 2,6-pyridinedicarboxaldehyde, with 
proper geometry for excellent coordination.

The present work investigates the catalytic activity of lanthanum, 
ytterbium and scandium triflates in the preparation of polyimine-based 
covalent adaptable networks. A previously well-characterized poly
imine-epoxy-amine system was employed as a reference system to 
evaluate these rear earth triflate catalysts [6]. Among all the different 
materials studied, the one exhibiting the slower stress relaxation 
behavior was chosen to verify the influence of the Lewis acids on the 
imine metathesis reaction, which is responsible for the dynamic 

properties of the system.
A polyimine oligomer was synthesized from commercially available 

monomers such as terephthalaldehyde (TA), diethylenetriamine (DETA) 
and the polyetheramine Jeffamine D-230. The molecular weight of the 
oligomer was calculated by a new implemented methodology consisting 
in derivatization with tert-butyl isocyanate and further evaluation of end 
groups by 1H NMR spectroscopy. The obtained telechelic amine- 
terminated polyimine oligomer was cured with a stoichiometric 
amount of a commercial epoxy resin: bisphenol A diglycidyl ether 
(DGEBA).

Differential scanning calorimetry (DSC) was used to assess if the 
catalysts affected the nucleophilic addition of the amines to the oxirane 
rings during the curing process. The thermal and thermo-mechanical 
properties were evaluated using thermogravimetric analysis (TGA) 
and dynamic thermo-mechanical analysis (DMTA), respectively.

Finally, DMTA experiments were conducted to investigate the impact 
of rare-earth triflates on the creep behavior and vitrimeric properties of 
the prepared materials.

2. Experimental part

2.1. Materials

The following chemicals were purchased from Sigma-Aldrich: 
diethylenetriamine (DETA, 99 %), poly(propylene glycol) bis(2- 
aminopropyl ether) (Jeffamine D-230, Mn ~ 230 g/mol), tereph
thalaldehyde (TA, 99 %), scandium (III) trifluoromethanesulfonate 
(Sc(OTf)3, 99 %), lanthanum (III) trifluoromethanesulfonate (La 
(OTf)3, 99.999 %), ytterbium(III) trifluoromethanesulfonate (Yb 
(OTf)3, 99.99 %) and tert-butyl isocyanate (97 %). Bisphenol A 
diglycidyl ether (DGEBA, trade name ARALDITE GY240, 5.51 eq/kg) 
was purchased from Huntsman. 2-Propanol (i-PrOH) was purchased 
from Carlo Erba, and tetrahydrofuran (THF) from Scharlau. All 
chemicals were used as received.

2.2. Procedure for the synthesis of the polyimine oligomer (D230 50/50 
40 %)

The procedure for the synthesis of the polyimine oligomer D230 50/ 
50 40 % was synthetized following a procedure reported by us6: In a 
round bottom flask equipped with a magnetic stirrer and reflux 
condenser, 1.14 g (8.50 mmol) of TA, 0.61 g (5.95 mmol) of DETA and 
1.37 g (5.95 mmol) of Jeffamine D-230 were dissolved in 50 mL of a 
mixture of THF and i-PrOH (3/1 v/v). The reaction mixture was 
magnetically stirred and maintained at 60 ◦C for 2 h. After that, the 
mixture of solvents was removed under reduced pressure, and the 
sample was dried under vacuum at 80 ◦C for 24 h. The name of the 
oligomer D230 50/50 40 % indicates a 50 % of DETA and a 50 % of 
Jeffamine in the oligomer preparation and the 40 % indicates the excess 
of DETA and Jeffamine together in reference to the terphthalaldehyde.

2.3. Characterization of the imine oligomer

The imine oligomer was characterized by 1H and [] 13C NMR spec
troscopy. Both spectra are collected in the supporting information 
(Figs. S1 and S2).

The determination of the average molecular weight was done by 
analyzing terminal groups after derivatization of the amine telechelic 
monomer with tert-butyl isocyanate. With this reaction, primary amines, 
at the end groups, and secondary amines, from the DETA unit, were 
converted into the corresponding urethane groups. The molecular 
weight of the oligomer was determined by 1H NMR spectroscopy by 
comparing the integrations of the end group signals with the in
tegrations of aromatic protons in the derivatized oligomer as reported in 
the Supporting Information.
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2.4. Procedure for the preparation of vitrimeric samples

The polyimine-epoxy vitrimers were obtained according to the 
following procedure: 3.12 g of polyimine oligomer were mixed with 
3.55 g of DGEBA and dissolved in THF. We added to the previous 
mixture a 1 % in mol of the selected catalyst with respect to the mol of 
imine groups and the mixture was stirred until complete dissolution. 
Finally, the solvent was evaporated under vacuum at 40 ◦C and poured 
into a rectangular Teflon mold of 30 × 5 × 1.5 mm3. The samples were 
cured in an oven using the following schedule: 3 h at 100 ◦C, 2 h at 
150 ◦C, and 2 h at 180 ◦C.

2.5. Characterization techniques

A Jasco FT/IR-680 Plus spectrometer, fitted with an attenuated total 
reflection (ATR) accessory (Golden Gate, Specac Ltd., Teknokroma), was 
utilized to obtain the Fourier transform infrared (FTIR) spectra of the 
prepared materials after the curing process. Real-time spectra were 
recorded over a wavenumber range of 4000 to 600 cm− 1 with a reso
lution of 4 cm− 1, averaging 20 scans. The completion of the reaction was 
confirmed by the disappearance of the characteristic epoxy band 
attributed to the asymmetric ν(-C-O-C-) that appears at 915 cm− 1 and 
the emergence of the band attributed to the ν(O–H) at around 3300 
cm− 1.

The thermal stability of the materials was evaluated using a Mettler 
Toledo TGA 2 thermobalance. Cured samples weighing around 10 mg 
were degraded between 30 and 600 ◦C at a heating rate of 10 ◦C min− 1 in 
N2 atmosphere with a flow rate of 50 cm3 min− 1.

DSC analyses were carried out on a Mettler DSC3+ instrument cali
brated using indium (heat flow calibration) and zinc (temperature 
calibration) standards. Samples of approximately 8–10 mg were placed 
in aluminum pans with pierced lids and analyzed in an N2 atmosphere 
with a gas flow of 50 cm3 min− 1. Dynamic studies between − 5 and 
250 ◦C at a heating rate of 2 ◦C min− 1 were performed.

The thermomechanical properties were studied using a DMTA Q850 
(TA Instruments) equipped with a film tension clamp. Prismatic rect
angular samples with dimensions of around 30 × 5 × 1.5 mm3 were 
analyzed from − 10 to 180 ◦C at 1 Hz, with 0.1 % strain at a heating rate 
of 2 ◦C min− 1. Tensile stress-relaxation tests were conducted in the same 
instrument using the film tension clamp on samples with the same di
mensions as previously defined. The samples were first equilibrated at 
the relaxation temperature for 5 min, and a constant strain of 1 % was 
applied, measuring the consequent stress level as a function of time. The 
materials were tested only once at one temperature. Creep tests were 

conducted using the same DMTA Q850 instrument. The sample was 
equilibrated at 30 ◦C for 5 min, after which a constant stress (σ) was 
applied for 30 min and then released. The strain (ε) was measured as a 
function of time during the application of the stress and for an additional 
30 min for the stress recovery. The applied stress was chosen ensuring 
that each material was in its viscoelastic range. The temperature of 30 ◦C 
was chosen as representative of common service conditions.

3. Results and discussion

3.1. Preparation and characterization of the oligomer

The polyimine oligomer was synthesized by condensation reaction of 
terephthalaldehyde (TA) with diethylenetriamine (DETA) and either 
Jeffamine D-230 at 60 ◦C for 2 h in a mixture of THF and 2-propanol (3/ 
1 v/v) (Scheme 1) following a previously reported procedure [6].

The molecular weight of the oligomer was determined by end-group 
analysis of the derivatized oligomer. The derivatization was carried out 
in a CDCl3 solution by adding tert-butyl isocyanate in stoichiometric 
proportion with respect to the number of equivalents of primary and 
secondary amines of the polyimine oligomer. After 30 min, the 1H NMR 
spectrum of the derivatized oligomer was recorded. In the resulting 1H 
NMR spectrum, which is shown in Fig. 1, the signal of the methyl pro
tons of the tert-butyl groups is observed at 1.32 ppm in the magnified 
spectral region between 1.30 and 1.38 ppm.

The reaction between the amine groups of the oligomer and the 
isocyanate led to the instantaneous and quantitative conversion of 
amines into urea groups. Moreover, the use of isocyanate allowed total 
selectivity of the target groups without any alteration of the oligomer 
structure as observable by comparing the spectrum of the derivatized 
oligomer with the spectrum of the underivatized oligomer (Fig. S1).

The signal of the methyl protons of the tert-butyl groups is the result 
of the sum of the signals of the methyl protons from the urea groups 
obtained from the reaction of the primary amines of the end-groups of 
the oligomer chains and the urea groups that derived from the reaction 
of the secondary amines from DETA, located along the oligomeric 
chains. Taking into account the composition parameter r, which de
scribes the proportion of primary amines with respect to aldehyde in the 
polycondensation reaction, and the proportion between DETA and 
Jeffamine D-230, the single contribution of the end-groups to the overall 
signal was calculated following the procedure described in the Sup
porting Information. The obtained integral is representative of the 
oligomer end-groups and was used to calculate the degree of polymer
ization (DP) of the oligomer by comparing the relative proton peak 

Scheme 1. Scheme of the synthesis of the polyimine oligomer.
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intensity of the end-groups to that of the protons of the aromatic rings, 
which is representative of the repeating units. According to this infor
mation, the number average molecular weight (Mn) of the polyimine- 
based oligomer was finally calculated (Mn = 719.63 g/mol).

3.2. Calorimetric study of the curing procedure

The polyimine oligomer was mixed with DGEBA for each prepared 
material, ensuring stoichiometric proportion between amine groups 
(from primary and secondary amines) and epoxy groups. The different 
catalysts were added at a proportion of 1 % mol of rare-earth triflate 
catalyst relative to the mol of imine groups, allowing for a comparison of 
their catalytic activities in the imine metathesis reaction. Larger 
amounts of catalyst could not be added because the corresponding salt 
was difficult to solubilize in the reactive mixture.

The curing process is a critical stage in the preparation of cross- 
linked polymers. In particular, the trigger temperature of the curing 
reaction strongly affects the workability of the mixture before curing 
with a great impact on the manufacturing conditions. In light of this, the 
eventual effects of the rare-earth triflates on the curing process were 
studied. The use of rare-earth triflates in the aminolysis of epoxides has 
been reported for some time [28]. As a result, adding these catalysts to 
the formulation could accelerate the reaction too much, complicating 
the material processing.

The catalytic activity of the different rare-earth triflates in the 
nucleophilic addition of the amine terminated oligomer to the oxirane 
rings of DGEBA was investigated by DSC, and the obtained curves are 
shown in Fig. 2. The most significant data extracted from DSC tests are 
collected in Table 1.

All the formulations investigated display an exothermic peak related 
to the nucleophilic addition of amine groups to the epoxy rings. As 
illustrated in Fig. 2, adding rare-earth triflates to the curing mixture does 
not significantly alter the position of this peak. Yb(OTf)3 induces the 
most significant shift in the temperature of the maximum of the peak, 
decreasing it from 94 ◦C to 79 ◦C. Nonetheless, the temperature varia
tions in the peak maxima are negligible compared to the broadness of 

the peaks, indicating that the Lewis acids employed do not significantly 
influence the curing process or the processability of the formulation.

The structural characterization of the materials was conducted using 
FTIR analysis. Fig. 3 displays the different spectra, where the complete 
absence of the epoxy absorption band at 915 cm− 1, which is attributed 
to the asymmetric ν(-C-O-C-), clearly indicates that curing has been fully 
achieved in all the materials. Moreover, characteristic bands of the cured 
material are observed in the spectra: the broad ν(O–H) band centered at 
around 3300 cm− 1; the typical imine band at 1663 cm− 1 ν(C=N); the 
bands at 1611, 1508 cm− 1 (attributed to the ν(C=C)), and 829 cm− 1 

(γ(C–H)) corresponding to the aromatic ring. Besides, the bands at 
1224, 1091 and 1033 cm− 1 (attributed to the ν(C-O-C) of the aromatic 
ethers), together with the band 1182 cm− 1 (attributed to the ν(C-O-C) of 
the aliphatic ethers) are also observed. Another important aspect is that 
there is no variation among the spectra of the different materials pre
pared, with the only exception of the weak band at around 640 cm− 1 of 
the catalyzed materials assigned to the symmetric deformation of the 
-SO3

− group of the catalysts [29]. This fact confirms that the rare-earth 
triflate catalysts enable curing without any side reactions.

Fig. 1. 1H NMR spectrum of the tert-butyl isocyanate derivative of the polyimine oligomer in CDCl3.

Fig. 2. DSC curves for the curing process of the formulations in presence of the 
different Lewis acids and without any catalyst.
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3.3. Evaluation of the thermal stability of the materials

The thermal stability of the prepared polyimine cross-linked mate
rials was evaluated by thermogravimetry, and the main data extracted 
are collected in Table 1. Fig. 4 shows the weight loss plots and their 
derivatives (DTG curves) for all samples, both the material prepared 
without any catalyst and those containing 1 % mol rare-earth triflate. 
The evaluation of the thermal stability of these materials is crucial to 
prevent degradation during the recycling process.

No significant differences were observed between the materials 
prepared with rare-earth triflate catalysts and the polymer synthesized 
without any catalyst, resulting all of them stable up to at least 254 ◦C, 

the lowest temperature at which a 1 % of weight loss was detected. The 
first derivative of the thermogravimetric curves shows a slight shift of 
the degradation peak to lower temperatures and a slightly higher 
degradation rate with the addition of a catalyst (Fig. 4b). Furthermore, 
the char yield was not affected by the presence of the rare-earth triflate 
catalysts. These results prove that rare-earth triflate catalysts do not 
compromise the thermal stability of the polyimine-epoxy system. In 
previous studies from our group, a notable reduction in thermal stability 
was observed in thermosets produced by copolymerizing DGEBA with 
lactones when rare-earth triflates were used as catalysts [19]. However, 
it was shown that the degradation in those cases resulted from a 
β-elimination process of ester groups, which are absent in the DGEBA- 

Table 1 
Calorimetric, thermogravimetric and thermomechanical data for the prepared materials.

Sample Tmax
a (◦C) T1%

b (◦C) T2%
c (◦C) Tmax

d

(◦C)
Char yielde

(%)
Ttanδ

f (◦C) E'Glass
g (MPa) E'Rubbery

h

(MPa)
Crosslink densityi

(mol/m3)

No catalyst 94 269 289 366 21 93.6 1681 18 1822
La(OTf)3 85 264 285 385 21 91.5 2117 20 2035
Yb(OTf)3 79 262 285 388 20 91.9 2223 22 2233
Sc(OTf)3 82 254 288 385 20 100.8 2348 28 2779

a Temperature of the maximum of the DSC exothermic peak related to the epoxy-amine reaction.
b Temperature of 1 % of weight loss.
c Temperature of 2 % of weight loss.
d Temperature of the maximum rate of degradation.
e Char residue at 600 ◦C.
f Temperature at the maximum of tan δ peak at 1 Hz.
g Storage modulus in the glassy state (at Ttan δ - 50 ◦C).
h Storage modulus in the rubbery state (at Ttan δ + 50 ◦C).
i Cross-link density calculated from the storage modulus in the rubbery state.

Fig. 3. FTIR spectra of the materials prepared with the following catalysts: Sc(OTf)3, La(OTf)3, and Yb(OTf)3, as well as the material prepared without any catalyst.

Fig. 4. a) TGA and b) DTG curves of the prepared materials, recorded at 10 ◦C min− 1 in N2 atmosphere.

T. Telatin et al.                                                                                                                                                                                                                                  Reactive and Functional Polymers 214 (2025) 106341 

5 



polyimine materials [ 30].

3.4. Evaluation of the thermomechanical properties

Thermomechanical properties were determined by DMTA. Fig. 5
shows the storage modulus (E′) and tan δ as a function of temperature for 
the prepared materials. Moreover, from the storage modulus in the 
rubbery state the crosslink density was calculated for all the materials 
using the relationship described by Equation 1.32 

d =
É Rubbery

3R(Tg − tan δ + 40)
106 (1) 

where d is the crosslink density, E'Rubbery is the storage modulus in the 
rubbery state (in Pa), R is the gas constant, and Tg-tan δ is the temperature 
of the maximum of the tan δ curve.

The main thermomechanical data obtained from those experiments 
are collected in Table 1.

Observing the tan δ evolution with temperature for the different 
materials reveals no significant differences. All materials exhibit a 
maximum of the tan δ peak around 91 ◦C, except for the material with Sc 
(OTf)3 as a catalyst, whose peak maximum appears around 100 ◦C.

The storage modulus was particularly affected by the presence of 
rare-earth triflate catalysts in the polymer network. In the glassy state, 
an increase in E' from 1681 to 2348 MPa was observed using Sc(OTf)3 as 
a catalyst, while La(OTf)3 and Yb(OTf)3 produced slightly lower in
creases to 2223 MPa and 2348 MPa, respectively. A similar effect was 
observed for the storage modulus in the rubbery state, where the scan
dium salt led again to the most noticeable increase. Considering the 
atomic properties of the catalysts' metals, a relationship between the 
storage moduli in the rubbery state and the ionic radius trend is evident. 
Moreover, for the elements in group 3 of the periodic table, the ability to 
form complexes strongly depends on the metal ion size [31], suggesting 
that the metal ions coordinate differently with the imine basic centers 
present in the network. In this way, a highly crosslinked network is 
obtained in the presence of a metal triflate catalyst, as any metal center 
consists of a crosslinking point enhancing material rigidity. Since the 
storage modulus in the rubbery state is a consequence of the crosslinking 
density as described by Eq. 1 [32], the observed E' values and conse
quently the calculated crosslink densities are consistent with this hy
pothesis. Scandium, the smallest ion and hence the strongest complexing 
agent among the studied metal catalysts, determined the higher E'. 
Lanthanum, on the other side, exhibits the bigger ionic radius, and 
therefore, it affected the cross-linking density of the material in a less 
pronounced way. Finally, Ytterbium intermediate ion dimensions reflect 
in the E' in the glassy and in the rubbery states, both included between 
the E' values of Sc(OTf)3 and La(OTf)3 catalyzed materials. These results 
are in accordance with what was observed by Schoustra et al., who 
investigated the effect of a broad series of metal ions on the 

thermomechanical properties of pure polyimine materials [27].

3.5. Characterization of the vitrimeric properties

The vitrimeric behavior of the prepared materials was investigated 
by stress relaxation experiments conducted in tension mode in a range of 
temperatures between 150 and 200 ◦C, well above the Tg, to allow the 
movement of the network structure to perform the exchange process.

The evolution of the normalized stress was monitored as a function of 
time, and the normalized stress relaxation profiles were fitted to the 
Kohlrausch-Williams-Watts (KKW) stretched exponential decay func
tion: 

Eʹ

É 0
=

É perm

É 0
+

(

1 −
É perm

É 0

)

e
−

(
t
τ

)β

(2) 

where E'/E0 is the is the normalized stress at relaxation time t, E'perm/E0 is 
the fraction of residual stress that remains as the time approaches in
finity, τ is a characteristic relaxation time, and β is the stretching 
parameter (0 < β ≤ 1) that described the breadth of the relaxation dis
tribution [33].

Fig. 6 shows the fits by KWW functions superimposed to the stress 
relaxation modulus profiles for the prepared materials, while Table 2
groups the obtained fitting parameters.

The stretched parameter β was generally high for these materials, 
ranging between 0.79 and 0.98, demonstrating narrow distributions of 
the stress relaxation profiles (times).

When rare-earth triflates are used as catalysts a decrease in relaxa
tion times can be generally observed, suggesting that rare-earth triflates 
have a catalytic effect on the imine metathesis reaction. In agreement 
with what was discussed in section 3.4, the fractions of residual stress 
E'perm/E0 are higher in the presence of the catalysts. Indeed, It can be 
ascribed to the formation of permanent dative bonds between the metal 
centers and imines that increase the crosslinking density of the perco
lated permanent network, generally responsible for the presence of re
sidual stress [33].

The Arrhenius plot, which shows the characteristic relaxation times 
against the inverse absolute temperature (Fig. 7), and the main data 
extracted (Table 3) confirm this observation.

Considering the relative acidity of the metal cations (Sc3+ > Yb3+ >

La3+) [34], a relationship with the activation energy (Ea) of the ex
change process can be identified.

La(OTf)3, the less acidic among the metal triflates selected in this 
study, produced the highest reduction of the Ea, from 60 kJ/mol for the 
material without any catalyst to 28 kJ/mol, despite its lower acidity 
compared to Sc(OTf)3, which conversely determines an increase of Ea, to 
78 kJ/mol. Finally, Yb(OTf)3, characterized by intermediate acidic 
properties, exhibits the lowest catalytic activity, resulting in the same 
activation energy (61 kJ/mol) of the pristine material.

As observed, while La(OTf)3 led to shorter relaxation times associ
ated with a strongly reduced activation energy, Sc(OTf)3 still reduced 
the relaxation times but, from the other side, increased the activation 
energies of the exchange process resulting in faster relaxation at high 
temperature and almost unaltered relaxation times at low temperature 
compared to the non catalyzed material. These results suggested that 
using Sc(OTf)3 could achieve faster stress relaxation at high tempera
tures, improving material reprocessability without compromising its 
thermo-mechanical resistance at lower temperatures.

Hence, as reported by Giuseppone and co-workers for the trans
amination reaction in solvent medium, rare-earth triflates were found to 
catalyze imine metathesis reaction in the context of a vitrimeric material 
[23].

3.6. Creep experiments

Creep recovery experiments were performed to evaluate the 
Fig. 5. Evolution of storage modulus and tan δ with temperature for the pre
pared materials.
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viscoelastic response of all the vitrimers at 30 ◦C. The resulting 
normalized strain vs. time curves are shown in Fig. 8.

In agreement with the Ea of the stress relaxation process extracted 
from the Arrhenius plot in section 3.5., the presence of La(OTf)3 
significantly affects the creep resistance of the prepared polyimine- 
based material. Indeed, it drastically reduces the Ea of the imine 
metathesis reaction, dropping the temperature at which the exchange 
reactions start to affect the mechanical properties of the materials. 

Consequently, the exchange reaction is not negligible at 30 ◦C and de
termines a higher creep rate and residual deformation than the non- 
catalyzed system (Table 4). The main creep parameters at 150 and 
190 ◦C are given in the supporting information as Table S1 and S2, 
respectively.

Fig. 6. Normalized curves for the stress relaxation modulus for the prepared materials at different temperatures fitted by a KKW function. The fits are superimposed 
in black.

Table 2 
Fitted parameters for the KKW model at the tested temperature for the prepared 
materials.

Sample T (◦C) β τ (s) E'perm/E0 R2

No catalyst 150 0.86 239 0.27 0.999
160 0.82 137 0.26 0.995
170 0.84 103 0.20 0.991
180 0.86 79 0.20 0.988
190 0.88 55 0.18 0.982

La(OTf)3 150 0.84 101 0.27 0.987
160 0.80 92 0.23 0.986
170 0.82 77 0.23 0.983
180 0.80 61 0.24 0.987
190 0.82 52 0.21 0.978

Yb(OTf)3 150 0.80 138 0.32 0.994
160 0.81 97 0.31 0.990
170 0.83 70 0.32 0.988
180 0.89 50 0.32 0.986
190 0.98 30 0.31 0.969

Sc(OTf)3 150 0.80 161 0.26 0.995
160 0.79 127 0.24 0.993
170 0.84 74 0.28 0.986
180 0.86 41 0.30 0.973
190 0.87 25 0.29 0.966

Fig. 7. Arrhenius plot of the stress relaxation behavior of the studied materials.

Table 3 
Main data extracted from the Arrhenius plots.

Sample Ea (kJ/mol) lnA R2

No catalyst 60 ± 8 11.6 ± 2.1 0.995
La(OTf)3 28 ± 8 3.4 ± 2.1 0.978
Yb(OTf)3 61 ± 13 12.3 ± 3.7 0.985
Sc(OTf)3 78 ± 21 17.1 ± 5.7 0.979
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Conversely, Sc(OTf)3 does not increase the creep rate and the re
sidual deformation of the material at 30 ◦C, owing to its higher Ea for the 
exchange process. This higher activation energy results in enhanced 
exchange rates at elevated temperatures but diminished reactivity at 
lower temperatures.

The material containing Yb(OTf)3 exhibits the lowest creep rate, and 
coherently reduced residual deformation compared to the non-catalyzed 
system, despite having a similar activation energy. This behavior could 
be attributed to the ability of these triflate salts to coordinate the imine 
groups within the vitrimeric network. Indeed, Smulders and co-workers 
reported that metal coordination with dynamic covalent imine groups 
can significantly enhance the mechanical properties and creep resis
tance of polyimine CANs [ 27].

Since the Ea of the material containing Sc(OTf)₃ is higher than that of 
the sample prepared with Yb(OTf)₃, it would be expected to exhibit 
variations in the resistance to creep at higher temperatures. However, 
the observed result is the opposite. Creep experiments at 150 and 190 ◦C 
corroborated these results, showing the lower creep susceptibility of Yb 
(OTf)3 at high temperatures compared to the other catalyzed materials 
(Fig. S3 and Table S1-S2).

In conclusion, introducing La(OTf)3 led to the highest creep sus
ceptibility, as expected due to the drop in activation energy it produces. 
In contrast, Sc(OTf)3 and Yb(OTf)3 either increased or maintained the 
activation energy of the exchange process, thereby reducing the creep 
deformation and improving the creep recovery.

4. Conclusions

The catalytic effects of rare-earth triflates, specifically Sc(OTf)3, La 
(OTf)3 and Yb(OTf)3, on the imine metathesis exchange reaction were 
investigated within an imine-based vitrimeric material. This material 
was prepared by curing a commercial epoxy resin with an amine- 
terminated polyimine oligomer.

The derivatization of the synthesized polyimine oligomer with tert- 
butyl isocyanate, followed by characterization using 1H NMR spectros
copy, proved to be an excellent procedure for determining its molecular 
weight through end-group analysis.

DSC studies confirmed that the incorporation of these triflate salts 

into the reactive mixture does not significantly alter the kinetics of the 
epoxy-amine reaction, demonstrating that the curing process remains 
practically unaffected. Moreover, FTIR studies demonstrated that add
ing rare-earth triflates did not modify the chemical structure of the 
resulting polymer networks.

Stress relaxation experiments revealed a general reduction in relax
ation times, but only in the case of La(OTf)3, the catalyst led to a drop in 
the activation energy. Sc(OTf)3 determined a higher Ea for the exchange 
process, resulting in a suitable catalyst for preparing imine vitrimers 
with enhanced processability at high temperatures without compro
mising the thermo-mechanical performance at low temperatures. Creep 
experiments corroborated these findings demonstrating the superior 
creep resistance conferred by Sc(OTf)3 at service temperature. On the 
other hand, the strong reduction of the activation energy produced by La 
(OTf)3 for the exchange process facilitates creep, as the material be
comes more prone to molecular rearrangements.

Finally, coordination phenomena between the metal cations and the 
imine groups in the polymer network were found to significantly affect 
the thermo-mechanical behavior of the studied materials. Generally, 
higher storage moduli in the glassy and rubbery states were observed for 
the materials containing the triflate salts. Moreover, metallic coordina
tion of the imine groups improves the network stiffness, as seen for Yb 
(OTf)3 catalyzed material, which exhibited improved resistance to 
deformation despite the activation energy was unchanged compared to 
the non-catalyzed system.
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