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Unraveling the thermal stability of aromatic
disulfide epoxy vitrimers: a comprehensive study
using principal component analysis (PCA)+
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Polymer networks possessing reversible covalent crosslinks have emerged as an interesting type of
material that combine the excellent performance of thermoset materials with the processability of ther-
moplastic materials. Several studies have focused on different reversible bonds. However, little or no
attention has been paid to degradation events occurring during reprocessing. In this study, we utilize H
NMR spectra coupled with chemometric methods to define the best processing conditions for aromatic
disulfide-based vitrimers. By using a principal component analysis (PCA) tool, we show it is possible to
gauge which variable has a greater impact on the degradation of aromatic disulfides. Analyzing 80
different spectra simultaneously, the PCA reveals that from the analyzed variables, the processing time is
the most influential variable, followed by temperature. Using Multivariate Curve Resolution (MCR) models
we show that it is possible to estimate the extent of degradation as a function of the different experi-
mental conditions. The data obtained with model compounds using chemometrics has been validated by
analyzing the impact of reprocessing conditions in vitrimer networks. Our study suggests that NMR ana-
lysis combined with chemometric tools can provide highly valuable information to define processing con-

rsc.li/rscapplpolym

1. Introduction

Covalent adaptable networks (CANSs) or vitrimers are networks
that have reversible covalent bonds that enable them to
respond to an external stimulus. Several dynamic covalent
functionalities that are able to respond to an external stimulus
have been investigated in the open literature including acetals,
borazaaromatic anhydrides, borate esters, disulfides, hydra-
zones, imines, oximes, and olefins (metathesis)."™ These
dynamic functionalities must possess the ability to exchange
selectively when desired. At the same time, the dynamic func-
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ditions for covalent adaptable networks with minimal degradation.

tionality should not promote any other exchange reaction,
such as irreversible reactions of the dynamic bond or degra-
dation of the network structure. In this way, the CAN will be
able to maintain its initial bond density while permitting the
material to rearrange® '° in multiple reprocessing cycles."
CANs can be categorized based on their exchange mecha-
nism into two distinct groups.>” In the first group of CANs,
named dissociative networks, chemical bonds are broken and
reformed at a different location. Due to this change, the poly-
meric network is converted into a thermoplastic-like material.
This mechanism induces a sudden drop in viscosity, facilitat-
ing rapid reprocessing, albeit at the expense of uncontrolled
deformation at elevated temperatures and reduced solvent
2714 The second group of CANs, named associative
networks, maintain a constant crosslink density as the initial
cross-link is only disrupted upon the establishment of a new
covalent bond at a different position."> Leibler and coworkers
pioneered such associative covalent bonds in epoxy networks
in 2011. They managed to rearrange an epoxy network upon
heating.'® They demonstrated that the rheological profile of
this CAN was different from the dissociative one as it
resembled a vitreous silica-like behavior. Indeed the material
above the T, behaved as a viscoelastic fluid while below T,

resistance.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://rsc.li/rscapplpolym
http://orcid.org/0000-0002-2072-0318
http://orcid.org/0000-0001-6319-0532
http://orcid.org/0000-0002-9573-0764
http://orcid.org/0000-0002-6550-6307
http://orcid.org/0000-0003-2195-5167
http://orcid.org/0000-0002-6268-0916
https://doi.org/10.1039/d4lp00156g
https://doi.org/10.1039/d4lp00156g
https://doi.org/10.1039/d4lp00156g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4lp00156g&domain=pdf&date_stamp=2024-09-14
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00156g
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP002005

Open Access Article. Published on 10 2024. Downloaded on 05-12-2025 01:48:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Polymers

behaved as a crosslinked material, naming these new dynamic
bonds as “vitrimers”."”

Disulfide exchange is one of the most studied associative
exchange chemistries for the design of vitrimer materials.
Among the different disulfides, aromatic disulfide moieties,
have been successfully applied for the preparation of different
dynamic polymer materials,'® and composites.’® One of the
key advantages of disulfides is that they have shown rapid
bond exchange, even at room temperature. Moreover, the
dynamic character can be tuned by varying the excess amine,
time or temperature, which can lead to enhanced relaxation of
the disulfide bonds and is crucial for reprocessing and repair
processes. However, it is important to point out that, in
addition to facilitating the disulfide exchange, these variables
can also enhance the effects of detrimental side reactions.
Indeed, one of the main drawbacks when using aromatic disul-
fides to obtain vitrimer polymers is the thermal stability of the
disulfide moiety, especially when this dynamic bond is
implemented in high T, vitrimers.”>*' In this sense, it is
essential to understand which of the variables is more impor-
tant to achieve favorable conditions for reprocessability and
thermoformability of the disulfide-containing
materials whilst minimizing potential degradation.

To study the reprocessability of vitrimers, stress relaxation
experiments are usually performed at different temperatures to
evaluate which conditions can be used for reprocessing. This
experiment is usually coupled with other measurements to
analyze the mechanical properties, chemical structure, and
thermomechanical properties to confirm that the processabil-
ity is given by the presence of dynamic bonds and not because
the vitrimer is suffering some form of degradation. While it is
generally accepted that the changes in properties are related to
network degradation,®® due to the lack of solubility of vitri-
mers, it is challenging and time-consuming to study the degra-
dation after material preparation.

One way to optimize the conditions of the exchange reac-
tion while minimizing potential degradation events is to
perform a bond-exchange reaction using small molecule
analogues that can be dissolved and analyzed by traditional
characterization tools.”**® Indeed, high-performance liquid
chromatography (HPLC), gas or liquid chromatography (GC
or LC), nuclear magnetic resonance (NMR) or Fourier-trans-
form infrared spectroscopy (FTIR) are commonly used to
quantify the rate and extent of bond exchange.”*® These
techniques provide a comprehensive understanding of the
dynamics of bond exchange in small molecules, enabling
researchers to manipulate bond exchange rates and control
the macroscopic properties of vitrimers.>® However, little
attention has been paid to the rate of degradation events
that could potentially occur during the optimized conditions
of bond-exchange reactions. Indeed, in many cases these
degradation events are complex and difficult to resolve, but
tools to quantify the rate of degradation as a function of
processing conditions may facilitate discovery of the range
of conditions that allow rapid reprocessing with minimal
degradation.

vitrimer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NMR is one of the most sensitive and powerful techniques
to identify different events that may be occurring alongside the
exchange reaction. Despite the high sensitivity, it is rarely
implemented to determine the rate of degradation as this
requires a proper analysis of all secondary products formed
during the dynamic bond exchange reaction. The complex
NMR spectra might seem difficult to handle, but their combi-
nation with chemometric technology can extract important
features, even without fully understanding the degradation
products formed during the exchange reaction.”> Among the
chemometric techniques, Principal Component
Analysis (PCA) is frequently used to do an exploratory study of
the data, to reduce the complexity of dataset dimensions while
preserving most of the original variability. It accomplishes this
by transforming the data into a set of unrelated components,
called principal components (PCs), which capture the largest
possible amount of variance in the data.>® Among others, this
analysis has been very useful in the polymer field to evaluate
copolymer shape using NMR data,®” to analyze thermal
contact resistance®® and to analyze complex structural changes
in polymer materials.**™*' However, as far as we are aware this
has not been implemented to determine side reactions in vitri-
meric materials.

In the present work, we evaluate the potential of "H-NMR
data combined with chemometrics as a tool to analyze the rate
of degradation in vitrimeric materials. It was thought that this
would facilitate the selection of the best conditions to perform
the bond exchange reaction with minimal degradation. To do
so, we have evaluated a model system based on aromatic disul-
fides, which have shown fast exchange even at room tempera-
ture. Important features are extracted from 'H NMR spectra by
using a PCA analysis which allows identification of the vari-
ables that have the most significant influence on the degra-
dation of aromatic disulfides. Using this information we then
establish which conditions facilitate reprocessing with
reduced degradation. These conditions are applied to vitri-
meric materials by looking at the variation of T, and rubbery
modulus measured by DMA and it is shown that the coupling
of NMR data with chemometrics can be successfully applied to
vitrimeric materials to delineate thermoforming/repair temp-
eratures by time-saving experiments (Fig. 1).

various

2. Materials and methods

2.1. Materials

Glycidyl phenyl ether (GPE, 99.0%) was purchased from TCI.
4-Aminophenyl disulfide 98% (4-AFD) was supplied from
Biosynth and diglycidyl ether of bisphenol A (DGEBA) based
epoxy resin (Epikote Resin HEXION 828) was purchased from
Westlake Epoxy. All reagents were used as received.

2.2. Synthesis and characterization

2.2.1. Synthesis of the model compound. The synthesis of
the model compound (MC) involved a stepwise process. First,
glycidyl phenyl ether (GPE) was heated to 70 °C. Then, 4-AFD

RSC Appl. Polym., 2024, 2, 826-837 | 827
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Fig. 1 Key degradation factors on model compounds via PCA and MCR tools correlate with disulfide-based epoxy vitrimers.

NH,
o)
O\/<] s /©/
L ©/ , 14 /‘/ s 1. Bulk, 70 °C, 5h

2.150°C, 15 min

Scheme 1 Synthesis of the model compound (MC).

was added gradually to the heated GPE while stirring the
mixture for 5 hours. Subsequently, the mixture was further
stirred at a temperature of 150 °C for 15 minutes (Scheme 1).
The molar ratios of the components were adjusted based on
the required excess of amine. 5 model compounds with
different amine excesses were prepared (1.0, 1.1, 1.2, 1.3 and
1.4) as outlined in Table 1. The excess of amine greatly influ-
ences the rate of bond exchange, but little is known about its
impact on degradability. The reaction was followed through
thin layer chromatography (TLC) and 'H-NMR, until the raw
materials disappeared.

2.2.1.1. Thermal treatment. The model compounds were
heated to different temperatures and times commonly used in

thermoforming and repair processes. To achieve this, we

828 | RSC Appl. Polym., 2024, 2, 826-837
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Table 1 Formulations of model compounds
Name Epoxy (GPE)  Amine (4AFD)  Stoichiometry NH,/epoxy
MC 1.0 10g 16.6 g 1.0
MC1.1 18.2¢g 1.1
MC1.2 19.8 g 1.2
MC 1.3 215¢g 1.3
MC 1.4 23.2¢g 1.4

selected five distinct temperatures (200 °C, 205 °C, 210 °C,
215 °C, and 220 °C), exposing all prepared MCs to durations of
10, 30, and 60 minutes at each temperature. Subsequently, we
analyzed the degradation of the different samples using NMR
by dissolving them in DMSO-ds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.1.2. Data processing and analysis. "H-NMR spectra were
manually phased, and baseline adjusted using MestreNova
v.12.0 (MestreLab Research, Spain) software and imported into
MATLAB R2020b (Mathworks, Inc. USA) as a matrix with 80
rows (number of samples) and 131072 columns (number of
variables or data points). Each spectrum was referenced to the
DMSO-d, resonance signal (6 = 2.52 ppm) and only spectral
regions with chemical shifts between 0 and 10 ppm were main-
tained. Only one out of ten columns was taken to reduce the
number of data and speed up the analysis. The spectral
regions of 6y = 2.45-2.55 and 6y = 3.30-3.37, which originate
from the presence of DMSO and water, respectively, were
omitted from the data.

The resultant matrix of 80 x 6440 was imported into The
Unscrambler X 10.5.1 Client (Camo, Norway) software, where
the spectra were smoothed using the Savitzky-Golay filter. The
spectra were also subjected to a normalization procedure that
divided each data point of a spectrum by the area under the
corresponding spectrum to enhance the results. The PCA
exploratory analysis was then carried out in The Unscrambler
using the SVD algorithm after mean centering the data and
validating the model by a random cross-validation. The
MCR-ALS model was developed using MCR-ALS GUI 2.0
Toolbox installed in MATLAB R2020b.** The optimum model
was obtained using all 80 spectra and by selecting two com-
ponents (non-degraded compound and degraded compound).
As an initial estimation, the spectra of both a non-degraded
and totally degraded sample were used and non-negativity con-
straints were applied in concentrations and spectra. By doing
this, we are able to determine, for each of the samples and
each of the conditions analysed, what is the percentage of the
spectrum that coincides with the non-degraded sample and
how much corresponds to the degraded one. In that way we
can attempt to tie the different conditions with the degra-
dation of the MC and use it to predict the degradation that the
resin would suffer when it is exposed to those same
conditions.

2.2.2. Synthesis of the resin. To corroborate the PCA data
with vitrimeric materials, 3 different vitrimer formulations,
varying the epoxy:amine molar ratio (1.0, 1.2 and 1.4), were
prepared according to the previously described procedure.*?
Briefly, at 80 ©°C, HEXION 828 resin was degassed for
30 minutes. After the resin was vacuum-degassed, the appro-
priate quantity of 4-AFD was added, mixed, and heated at
80 °C for 10 minutes. The resultant viscous liquid was then
poured between two glass plates separated by a 3 mm silicon
joint and cured at 120 °C for 2.5 hours and then post-cured at
150 °C for 2 hours. The complete cure of the epoxy vitrimers
was confirmed by differential scanning calorimetry (DSC),
where no residual exothermic cure peak was observed
(Fig. S1f). Corresponding amounts of material used for each
vitrimer are shown in the following table (Table 2).

In the case of dynamic resins, the above-mentioned pro-
cedure was carried out on the vitrimers using the same pro-
cedural stages and methodology. To validate the obtained
results in MCs with vitrimers, only certain times and tempera-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
Table 2 Formulations of epoxy vitrimers
Epoxy Amine Stoichiometry
Name (HEXION 828) (4AFD) NH2/epoxy
V1.0 10g 3.30g 1.0
V1.2 3.96g 1.2
Vi4 4.62g 1.4

tures were selected. More specifically, we chose the lower,
medium and higher conditions (at 200 °C for 10 and
60 minutes, at 210 °C for 30 minutes, and at 220 °C for 10 and
60 minutes).

2.2.2.1. Evaluation of the degradation. "H Nuclear Magnetic
Resonance ("H-NMR) spectroscopy was performed on a Bruker
Avance NEO 500 MHz at the resonance frequency of 500 MHz
using deuterated dimethyl sulfoxide (DMSO-d¢) solvent at
room temperature. Using a DSC from TA Instruments
(Discovery DSC 25 Auto controlled by TRIOS software),
measurements of differential scanning calorimetry (DSC) were
made throughout a temperature range of 25 °C to 200 °C
under nitrogen at scan rates of 10 °C min~" and 20 °C min™".
The inflection point of the heat flow step was used to deter-
mine the glass transition temperature (T,). The thermo-
gravimetric isothermal measurements (TGA) were carried out
using TA Instruments Q500 equipment and TA Universal
Analysis software. Isothermal tests were carried out in an air-
conditioned environment at 200 °C, 210 °C, and 220 °C.
Thermomechanical tests were carried out utilizing TA
Instruments DMA Q800 equipment from 25 to 250 °C using
rectangular samples (12.5 x 2 x 17.5 mm) on a single cantilever
beam. The amplitude of the oscillation (15 m) (within a linear
viscoelastic zone) and frequency (1 Hz) were held constant at a
heating rate of 3 °C min~" while variations in force and phase
angle were measured.

3. Results and discussion

3.1. Evaluation of degradation in model compounds using
'H NMR and chemometrics

The principal objective of this work is to obtain an easy and
reliable method to estimate the extent of degradation of the
vitrimer without knowing the specific secondary reactions that
are occurring during reprocessing. To validate the process, we
investigate networks based on aromatic disulfides, which have
shown great potential to provide highly reprocessable
materials. Thus, 5 model compounds were prepared by react-
ing glycidyl phenyl ether (GPE) and 4-AFD with different excess
of amine (1.0, 1.1, 1.2, 1.3 and 1.4) as outlined in Table 1. The
excess of amine greatly influences the dynamicity of the net-
works, but little is known about its impact on degradability
(Fig. 2).

First, the 5 model compounds were analysed by "H NMR
following thermal treatment. 16 different spectra were
acquired for each stoichiometric ratio, at different times and

RSC Appl. Polym., 2024, 2, 826-837 | 829
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(a) MC 1.0 spectra without thermal treatment (b) MC 1.0 spectra after being subjected 30 minutes at 210 °C (c) MC 1.0 spectra after 1 hour at

220 °C (d) MC 1.4 spectra without thermal treatment (e) MC 1.4 spectra after being subjected 30 minutes at 210 °C (f) MC 1.4 spectra after 1 hour at

210 °C.

temperatures. Fig. 3 shows some representative spectra of MC
1.0 (with no excess of amine) and MC 1.4 (with 0.4 excess of
amine) at different treatment conditions: the untreated MC
and when a sample following treatment at 210 °C for
30 minutes and at 220 °C for 60 minutes. As expected, some
new signals, which become more obvious at elevated tempera-
tures, are observed after the heat treatment in both samples
(Fig. 3c and f).

It can be seen that in the spectrum of the equimolar
sample (MC 1.0) subjected to a treatment of 210 °C for 30 min
and 1 h (Fig. 2b and c, respectively) some new peaks of high
intensity are present in the spectral region &y = 1.00-3.00,
which are negligible in the non-degraded sample. In addition,

830 | RSC Appl. Polym., 2024, 2, 826-837

in the aliphatic region (6y = 3.00-4.00) a broadening of the
signals is observed, suggesting the presence of new com-
pounds. Furthermore, a partial disappearance of the doublet
at 5.25 ppm is observed, which corresponds to alcohol signals.
The disappearance of O-H signal has been associated to de-
hydration reactions were two C-OH groups dehydrate to form
an ether bond.** Finally, a new broadening in the spectral
region 6y = 6.50-7.50 also appears. In the samples with excess
amine (MC 1.4) the corresponding amine peak can be seen in
the region §y = 6.00-6.50 (Fig. 3). The interpretation of the
degradation spectra is extremely complicated and while we can
hypothesize some degradation pathways to evaluate the impact
of the conditions in the degradation, this will be highly time-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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consuming and will likely vary for each of the 5 model com-
pounds. As an alternative, we can implement PCA analysis,
aimed at unravelling complex datasets by condensing their
dimensions while preserving crucial variability (Fig. 4).

In other words, by generating a new set of unrelated com-
ponents, known as principal components (PCs), PCA effec-
tively captures the most significant variance in the data. First,
we have a 3D matrix where the axes correspond to the temp-
erature, time and intensity of a peak. For example, in Fig. 4,
we can see how the signal at 6.94 ppm changes as a function
of time and temperature for the 5 different model reactions.
As in our case we do not have well-defined signals that we
could correlate with degradation, the PCA analysis evaluates
the changes in the entire spectrum. From this data, PCA
extracts the variables that are most reflective of changes in
the NMR spectra. Thus, the algorithm finds the Principal
Components (PC), a simplified two-component representa-
tion (PC1 and PC2) to facilitate the understanding of which
of the different variables has more influence in the system.
Fig. 5 illustrates the PC1 vs. PC2 sample distribution, group-
ing the measurements according to the stoichiometry, temp-
erature, and time.

DATA POOL
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First, we studied the influence of time on the degradation
process. Fig. 5¢ corresponds to the sample distribution of the
PCA when the measurements are grouped according to the
time (raw samples (black), 10 minutes (yellow), 30 minutes
(orange) and 60 minutes (brown)). In this type of graph, when
samples appear in the same area, it means that these samples
are similar. Therefore, in the present study, if some samples
appear in the same area of graph, the conclusion is that they
have similar NMR spectra, because they have suffered degra-
dation to a similar extent. Moreover, if the data are well sorted
it means that the PC has a great influence on the data. Thus,
looking at the PCA analysis graph based on the change of time
for our system, the conclusion that can be drawn is that time
is a very influential variable in the degradation of the system.
Indeed, the 5 raw samples in black (attributed to the 5
different model compounds) are found in the right side of the
PCA scores plot. Furthermore, the longer the time that we
expose the sample to a given condition, the further to the left
a sample appears, which could be correlated with the degra-
dation, as raw samples are not degraded. In conclusion, PCA
scores based on the change of time show that time signifi-
cantly affects the degradation of aromatic disulfides.
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PCA analysis @ TEMPERATURE

) TivE

a) MOLAR RATIO b) TEMPERATURE c) TIME
0.012 : 0.012 : 0.012 :
P+ . M
< 0008 | am 0.008 . 0.008 i .
< i + ' i
o 0004 | ™ ' .: s 0004 | ™ oml 0004 | A W
= ° u =5 Son A
o~ | a + ® [ ] + A, &’ +
o Y VU WU Y S
POV Yoo — <‘l--—" - J— 0.000 fm--mmmv L . 0.000 A A
nc' e v S - [ ] AL AR '
2 -0.004 { -0.004 L . 0.004 ¥,
S : + lo [ i +
(5] H H (|
@ -0.008 ; -0.008 i -0.008 §
-0.012 i -0.012 i 0.012 i
-0.03 -0.01 0.01 0.03 -0.03 -0.01 0.01 0.03 -0.03 -0.01 0.01 0.03
Scores on PC 1 (72.27%) Scores on PC 1 (72.27%) Scores on PC 1 (72.27%)
+Raw ~1.0. +1.1. 412. ©13. W14,  +Raw 200°C +205°C 4210°C ©215°C m220°C +Raw ~ 10min +30min 4 1h

Fig. 5 PCA scores plot (PC1 vs. PC2) of the 80 samples spectra according to the corresponding treatment: (a) stoichiometry, (b) temperature and

(c) time.
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After the analysis of the influence of time, we moved on
and analysed the impact of temperature and the molar ratio
on the degradation. In contrast to the case of time, in these
cases, we did not observe any trend or order in the location of
the data (Fig. 5a and b). Note that although the raw data are
on the right-hand side of the graphs in both cases, there is no
trend for the rest of the samples. As mentioned above, only the
variables that influence the system form clusters in the graphs.
Thus, the preliminary conclusion is that temperature may have
an influence on the degradation of the system, but it is
strongly affected by other variables such as time. To simplify
the PCA analysis further, we reprocessed the sample data and
analysed the effect of the temperature and excess of amine,
keeping the time constant. In other words, we generate three
different graphs eliminating the time variable (Fig. 6 and 7).

Fig. 6 shows the PCA analysis for temperature separated for
the different times. A clear organization and data distribution
is observed based on the temperature variable. In this case,
the samples clearly move away from the untreated samples as
the temperature rises. This is more clearly visible in the
graphs for longer heating intervals (30 and 60 minutes). As

View Article Online
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previously commented, it can be assumed that samples that
are farther away from the raw samples will be more degraded.
Therefore, it can be concluded that the higher the tempera-
ture, the more pronounced the degradation will be.

Another important conclusion that we could take from the
PCA analysis is that the influence of temperature is less pro-
nounced when the time is shorter, as at 10 min all the graphs
are close to the raw samples. However, in the samples at 60 min,
the samples at different temperatures are more clearly sorted.
Indeed, the samples treated at higher temperatures (215 and
220 °C) appear on the left of the PCA graph, corroborating that
longer times and temperatures lead to more degradation. Finally,
Fig. 7 shows the PCA analysis at different times illustrating the
samples are grouped according to the excess of amine. No signifi-
cant trend or data distribution is observed, suggesting that this is
the variable with the least influence on the degradation.

Therefore, we can conclude that the PCA analysis gives us
the influence of time, temperature and molar ratio on the
degradation of our system. In the present case, the most influ-
ential variable is time, followed by temperature and lastly,
molar ratio. In addition, we corroborate how the influence of
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Fig. 6 PCA scores plot (PC1 vs. PC2) based on temperature for samples treated for (a) 10 minutes, (b) 30 minutes and (c) 60 minutes.
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Fig. 7 PCA scores plot (PC1 vs. PC2) for samples based on molar ratio (a) 10 minutes, (b) 30 minutes and (c) 60 minutes.
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temperature increases as time increases. In other words, when
we apply a heat treatment for 10 minutes the temperature does
not affect as much as when we use 30 or 60 minutes.

Besides evaluating the influence of different variables on
the degradation, it is important to be able to quantify the
degree of degradation. To do so, together with the PCA, we
implemented the Multivariate Curve Resolution (MCR) which
is a chemometric technique used in spectroscopy to separate
and quantify changes from complicated mixtures.>> Through
the use of the technique, the data is separated into pure spec-
tral profiles and concentration profiles, enabling precise ana-
lysis of mixed signals.>”*®*"*>¢ [n the current study the spec-
tral profiles of a sample without degradation (raw sample) and
another in which we assume that the compound has comple-
tely degraded given the conditions to which it has been
exposed (1 h at 220 °C) were used as initial estimates. As a
result, from the obtained concentration profiles from the MCR
model we could calculate how much each spectrum matches
with the spectra employed as initial estimates. In other words,
it could be calculated how similar each spectrum is to the non-
degraded or degraded spectra (Table S17).

The 5 model compounds with different amine stoichio-
metry were represented and were divided into five groups
according to the percent degradation estimated by the MCR
model: non-degraded or slightly degraded samples (<25%);
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low degraded samples (between 25% and 50%); samples with
high degradation (between 50% and 75%) and totally degraded
samples (>75%) (Fig. 8).

Previously we have demonstrated that time is the most sig-
nificant variable for degradation. Indeed, when analysing the
impact of time, we can see that all the samples treated for
60 min had high degradation or were fully degraded. The
second most influential parameter is the temperature. It can
be seen that when heating the model compound to 215 °C or
higher, significant degradation occurred in all samples,
especially at prolonged times (30, 60 min). However, when sub-
jected to only 10 minutes of heating at 200 °C and 205 °C, no
significant degradation was observed, giving an interesting
window to evaluate the processability of aromatic disulfide-
based dynamic bonds. Finally, as expected, no significant
impact of the stoichiometry can be observed in the degra-
dation profile, since for the 5 stoichiometries similar degra-
dation profiles were obtained.

3.2. Relation between "H-NMR results and the degradation
in the vitrimers

In order to assess if the data acquired with model compounds
could be extrapolated to epoxy vitrimeric materials, 3 different
vitrimers were prepared by varying the epoxy:amine molar
ratio (1.0, 1.2 and 1.4), according to the previously described
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Fig. 8 Samples degradation as a function of time and temperature for each stoichiometry (a) 1.0, (b) 1.1, (c) 1.2, (d) 1.3 and (e) 1.4. For clarity, the %

of degradation is represented in different colors depending on the interval.
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procedure.*® Briefly, at 80 °C, aromatic bisepoxide resin was
reacted with the appropriate quantity of 4-AFD. Afterwards, the
resultant viscous liquid was cured at 120 °C for 2.5 hours and
then post-cured at 150 °C for 2 hours. The complete cure of
the epoxy vitrimers was confirmed by differential scanning
calorimetry (DSC), where no residual exothermic cure peak
was observed (Fig. S11). In order to evaluate potential degra-
dation events occurring when reprocessing the epoxy resins,
the T, and the rubbery plateau of the resin were evaluated in
the 3 model resins (V 1.0, V 1.2 and V 1.4) after processing at
different times and temperatures.

To evaluate the degradation of the material, we considered
the change of T, and rubbery plateau. Based on previous work
done in our group,’” we deduced that a 10 °C decrease in T,
marks the start of the degradation of the network. In the case
of the rubbery plateau, the onset of degradation is marked
when the modulus is reduced by >8 MPa. As analyzed in the
model compounds, time had the strongest impact on the
degradation process of our system. We extrapolated this
hypothesis to the polymer networks and confirmed it, using
DMA analysis (Fig. 9). For this purpose, we chose 3 different
stoichiometries (1.0, 1.2 and 1.4) at the 2 extreme times and
temperatures (10-60 minutes and 200-220 °C). The criterion
for degradation is represented by the changes in T, and
rubbery plateau.

When the studied variable was time (Fig. 9a), the difference
between treating the vitrimer for 10 minutes and for
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60 minutes could be observed easily. For all three stoichi-
ometries, there was no degradation at 10 minutes at different
temperatures and molar ratios, but when we increased the
time to 60 minutes, all of them showed total degradation, as
shown by the large changes in T, and rubbery plateau.
Temperature is the second most important factor in our
system’s degradation process; thus, we did three more random
DMA evaluations of our vitrimeric networks to see if this vari-
able altered the extent of degradation. As previously stated, the
rubbery plateau and variations in 7, determined the deterio-
ration criteria. Fig. 9b shows that when the temperature was
raised to 220 °C, all three systems degraded, with a significant
decrease in T, and rubbery plateau. However, the degradation
was very different for the samples at 200 °C, where none of the
cases exhibited any degradation at any of the three different
times or molar ratios. This corroborates that the temperature
limit in the degradation process is 210 °C and that tempera-
ture has a significant influence in the degradation process.
The molar ratio is not a very significant variable compared
to the other two (time and temperature). In Fig. 9c it can be
seen that in some cases the molar ratio has an influence, but
not in every instance. For example, in both the lightest con-
ditions (200 °C, 10 minutes) and in the most aggressive ones
(220 °C, 60 minutes), there was no influence of the molar
ratio. Nevertheless, in intermediate conditions, for example,
210 °C for 30 minutes, a slight influence of the stoichiometry
was observed. In general, the degradation is higher when the
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Fig. 9 T4 (up) and G’ (bottom) changes after thermal treatment of the vitrimer samples depending on (a) time, (b) temperature and (c) stoichio-
metry. Dashed lines correspond to the degradation thresholds for each evaluated parameter.
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excess of amine was increased but the influence of the molar
ratio is not clear and we cannot conclude whether the stoichio-
metry has a real impact on the degradation.

4. Conclusions

In this work, it has been shown that NMR spectra of model
compounds coupled with chemometrics makes it possible to
evaluate the importance of different variables in the degra-
dation process of vitrimeric materials. By evaluating a total of
80 NMR spectra of model aromatic disulfide compounds that
were treated under different conditions, we can conclude that
the most influential variable causing degradation in aromatic
disulfides is time, followed by temperature and finally, the
molar ratio. A Multivariate Curve Resolution model was
applied to assign degradation values to the different con-
ditions studied. This makes it possible to obtain a map of the
percentage of degradation under different conditions. With
this information in hand, we can assume that in order to
reduce the degradation of vitrimers based on aromatic disul-
fides, the samples must be processed in short times (such as
10 minutes), and at temperatures below 210 °C to avoid signifi-
cant degradation. To corroborate that this model is suitable
for extension to polymeric resins, we prepared some vitrimers
based on aromatic disulfides and performed DMA analysis of
the vitrimeric network before and after reprocessing. It was
observed that the trends observed using the model compounds
and chemometrics clearly agrees with the degradation events
occurring in the network, showing a greater impact of time
and temperature on the degradation than stoichiometry. It can
be concluded that the use of chemometrics can provide valu-
able insights to define the best conditions for reprocessing
vitrimeric networks. In that way, studying the NMR spectra of
the model compounds can give us information on how the
resin would degrade under the same conditions.
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