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Abstract: Poly(furfuryl alcohol) is a thermostable biobased thermoset. The polymerization of fur-
furyl alcohol (FA) is sensitive to a number of side reactions, mainly the opening of the furan ring into
carbonyl species. Such carbonyls can be used to introduce new properties into the PFA materials
through derivatization. Hence, better understanding of the furan ring opening is required to develop
new applications for PFA. This article studies the structural discrepancies between a PFA prepared
in neat conditions versus a PFA prepared in aqueous conditions, i.e., with more carbonyls, through
NMR and MALDI ToF. Overall, the PFA prepared in water exhibited a structure more heterogeneous
than the PFA prepared in neat conditions. The presence of ketonic derivatives such as enols and
ketals were highlighted in the case of the aqueous PFA. In this line, the addition of water at the
beginning of the polymerization stimulated the production of aldehydes by a factor two. Finally, the
PFA prepared in neat conditions showed terminal lactones instead of aldehydes.

Keywords: Poly(furfuryl alcohol); furan resin; ring opening; NMR; carbonyls

1. Introduction

In recent decades, the need for high-performance, low-weight materials has increased.
Good performance/density ratios can be achieved by using composites. Composite ther-
mosetting materials have been highlighted as good candidates to meet the requirement of
demanding applications needing high thermal properties and good mechanical properties
as well chemical resistance [1].

Nowadays, the thermoset market is dominated by polyurethane, phenolic, amino,
epoxy and polyester resins. The main applications of thermoset resins include paints,
coatings, transportation, civil engineering, electronics and furniture [2]. Nonetheless,
most of the thermoset resins commercially available are both toxic and fossil-based [3].
Phenol-formaldehyde resins, which are widely used in wood-adhesives and foundry
binders, are a good example [4]. Concern over these compounds has led to research on
potential replacements such as tannins [5,6] and lignins [7]. In this regard, the resins
obtained from furfuryl alcohol (FA) are valuable alternatives. Indeed, FA can be combined
with tannins [8,9], lignins [10,11], epoxidized linseed oil [12] or humins [13]. In addition,
composites prepared from polyfurfuryl alcohol (PFA) resins and different fillers such as
cork [14], plywood [15], kenaf fiber [16], cellulose [17], silica [18] and carbon nanoforms [19-21]
were reported.

However, the thermoset resulting from the FA polymerization is rather brittle despite
its good thermal properties [22]. Such brittleness arises from the dense structure of PFA. As
a matter of fact, the chemical structure of PFA comprises a dense network of furfuryl units
crosslinked together by Diels-Alder cycloadducts [23]. The polymerization behavior of FA
is reported to depend on the initial conditions [24,25]. The polymerization is especially
disturbed by the presence of protic and polar solvents [26,27]. Indeed, a PFA polymerized in
aqueous solution has a lower Tg and crosslink density in comparison with a PFA prepared
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in neat conditions [27]. The disturbance induced by water is attributed to the furan ring-
opening side reaction. Indeed, when placed in an aqueous medium, furfuryl alcohol
tends to open into levulinic acid; thus, it was suggested that a similar reaction occurred in
PFA [28,29].

The presence of carbonyl-based open structures within PFA has been reported numer-
ous times in the past [30-34]. In recent research, the carbonyls resulting from the furan
ring-opening were quantified [35], and the effects of the polymerization conditions on their
formation were studied [36]. Subsequently, the carbonyls within PFA were exploited to
tune the final properties of the material, i.e., reducing its brittleness. As a proof of concept,
a flexible biobased amine (Priamine 1071) was able to react with the carbonyls of PFA
resins to form Schiff bases. It is possible to change the macroscopic mechanical behavior of
the PFA passing from a brittle material (without amine) to a progressively more ductile
material when increasing the stoichiometric ratio of amine (vs. carbonyls) [37]. Yet, to
fully develop the potential of PFAs’ carbonyls, a better understanding of their nature is
required. Previous work focused on the carbonylated moieties found in a PFA synthetized
in aqueous media. This study used 2D NMR to highlight the presence of various carbonyls,
including aldehydes, in PFA [38].

The aim of the present article is to further apprehend the nature of the carbonyl groups
in PFAs by comparing two types of PFA. A first one was prepared in neat conditions
(PFA®), i.e., without additional water, and a second one was synthetized in 50% aqueous
solution (PFA+). The PFAs’ structures were compared using 2D NMR techniques (HMBC
and HSQC) and '"H NMR quantification. In addition, MALDI-ToF measurements were
performed to further highlight the structural differences between the samples.

2. Materials and Methods
2.1. Materials

Dimethyl terephthalate (JNMR), furfuryl alcohol (96%w), maleic anhydride (99%w),
hydroxylamine hydrochloride (99%w), triethanolamine (99%w), hydrochloric acid (37%w)
and DMSO (98%) were purchased from Merck. VWR provided the ethanol (96%v). The d¢-
DMSO was purchased from Eurisotop. The water used in the synthesis and characterization
was distilled using a SI Analytics distillation unit.

2.2. Synthesis of PFA Resins

Two types of PFA resins were prepared. The first one, called PFA°, was only composed
of FA. The polymerization was initiated with 2%w of maleic anhydride and conducted in
an oil bath. The temperature was kept at 85 °C for one hour, then 30 min at 100 °C and
finally 110 °C until the rubbery state was reached. Over the course of the polymerization, a
few samples were collected and characterized. This synthesis method was used to match
the ones of previous work on PFA systems [26,27,35,36].

The second PFA, called PFA+, was synthesized by initiating a 50%w FA-water solution
with 2%w of maleic anhydride, with respect to FA. Then, the same procedure as PFA°
was applied.

2.3. Characterization of the PEA Resins

The conversion degree of the resins was determined using a DSC 1 from Mettler-Toledo.
The conversion degree (x) was determined using the residual enthalpies as previously
reported [24-26].

The total carbonyl content was determined using the oximation method based on the
methods developed in the literature [35,39,40]. Briefly, the PFA resins were exposed to
hydroxylamine hydrochloride (0.44 M) and triethanolamine (0.52 M) in ethanol/DMSO
(1:2 vol) at 80 °C for 24 h. As a consequence, the carbonyls are converted in oximes, and
HCL is freed. The triethanolamine in the medium captures the HCI, then the left-over base
is titrated with 0.06 M HCl. A blank without PFA was also performed. Both the blank and
quantifications were triplicated. The carbonyl content was calculated with Equation (1).
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In Equation (1), Cy; stands for the concentration of HCI, mpg, the mass of PFA, V; the
volume of HCl required to titrate the blank and V' the volume of HCl required to titrate the
PFA solution.

Vo—V

CO content (mmol/g) = Cycy *
MpFA

)

To determine the conversion degree—o, 5-10 mg PFA resins were placed in high-
pressure steel crucibles (30 puL). The samples underwent a temperature ramp from 0 to
300 °C at 2 °C/min. The resulting exothermic was then integrated and the conversion
degree calculated using Equation (2). In Equation (2), AH,sj4,41 refers to the enthalpy of
the exothermic peaks of pre-polymerized PFAs, while AH,;,x stands for the enthalpy of the

unpolymerized solution.
o AHpax — AHresidual

N =
AHpax

The Table S1 presents the data resulting from the C=0 quantification and the conver-
sion degrees determination.

@

2.4. Nuclear Magnetic Resonance (NMR)

All the NMR experiments were performed at 25 °C on a Bruker Advance DRX 500
spectrometer. The apparatus was equipped with a 5 mm PA DUL 50052 C-H-D-05 Z probe.
The operating frequencies were of 125.77 MHz and 500.13 MHz for '3C and 'H, respectively.
The manufacturer supplied all the pulse sequences. To reference the spectra, the peak of
DMSO was used at 39.52 ppm for the 1*C and 2.50 ppm for the 'H. Masses of about 100 mg
of PFA and 700 puL of dg-DMSO were used.

The 13C NMR experiments were performed using the “zgpg30” pulse sequence, a total
of 20,000 scans halted by a relaxation delay of 2 s were used. The Heteronuclear Single
Quantum Coherence (HSQC) spectra were acquired with the pulse sequence “hsqcedet-
gpsisp2.3”. For the HSQC, 54 scans were recorded, and a relaxation delay of 1.5 s was
used. The Heteronuclear Multiple Bond Correlation (HMBC) experiments used the “hm-
bcetgpl3nd” pulse sequence with a relaxation delay of 2 s and the acquisition of 100 scans.
Finally, the 'H NMR experiments were recorded with the “zg” pulse sequence with a
relaxation delay of 30 s and an accumulation of 100 scans. The calculations used for the
quantifications are detailed in previous work [38].

2.5. MALDI ToF Mass Spectrometry

The samples were treated with a NaCl solution (1.5 puL of a 0.1 M) in a methanol /water
mixture (1:1) to increase ion formation, and a drop placed on the MALDI target (3 mm
diameter) steel plate and dried. The samples and the matrix were then mixed in equal
amounts, and 1.5 puL of the resulting slurry was placed on the MALDI target and dried
at 40 °C for 2 h before being analyzed. A matrix of 2,5-dihydroxy benzoic acid was used.
Red phosphorous (500-3000 Da) was used as reference for spectrum calibration. Finally,
after evaporation of the solvent, the MALDI target was introduced into the spectrometer.
The spectra were recorded on a KRATOS AXIMA Performance mass spectrometer from
Shimadzu Biotech (Kratos Analytical Shimadzu Europe, Ltd., Manchester, UK). The irra-
diation source was a pulsed nitrogen laser with a wavelength of 337 nm. The length of
one laser pulse was 3 ns. Measurements were carried out using the following conditions:
polarity-positive, flight path-linear, 20 kV acceleration voltages, 100-150 pulses per spec-
trum. The delayed extraction technique was used applying delay times of 200-800 ns. The
software MALDI-MS was used for the data treatment. The oligomers can appear in the
spectra either corresponding to their molecular weight or to their molecular weight +23 Da
of the Na* ion derived from the NaCl used as enhancer. The spectra precision is of +1 Da.



Polymers 2023, 15, 1745

40f18

3. Results

This study aims at better understanding the effect of water on the polymerization of
FA towards the structure of the resulting polymers. The focus was put on the side reactions
occurring during aqueous and neat polymerization of FA.

First, HSQC experiments of PFA° and PFA+ resins were performed to highlight their
main structural differences. For an easier comparison, resins with a conversion degree of
about 0.80 were selected.

Figure 1 displays a magnification of the HSQC spectra of PFA+ and PFA° located on the
methyl area. In Figure 1, PFA°(red) is stacked above PFA+ (blue). The opposite viewpoint
in which the PFA+ HSQC spectrum is shown in Figure S1. This magnification highlights
the main types of methyl found in PFA. Three groups with significatively different chemical
environments can be identified in soluble PFA resins.

C@)}, 18

Levulinics

24 23 22 21 20 19 1.8 1.7 1.6 15 1.4 1.3 1.2
f2 (ppm)

Figure 1. Magnified HSQC spectra of PFA+ (blue) and PFA° (red) of the CHj area. The red spectrum
is stacked on top of the blue one.

The first group centered around 2.2/14 ppm can be attributed to the methylated furans
as depicted in Scheme 1. The methylated furans are formed during the conjugations of
furanic chains through the loss of a hydride ion [23]. Such methyls are observed in both
PFA° and PFA+. Nonetheless, a larger dispersion of chemical shift occurs in the case
of PFA+, thus suggesting a higher heterogeneity of the furanic structures in PFA+ resins.
Another distinct group of methyls at 1.95/15 ppm is observed only in the case of PFA+. This
cluster does not spread as much as the main one. Thus, it might belong to a free molecule
(e.g., dimers, trimers) rather than to a group linked to the main macromolecular chains.

A second group around 2.0/30 ppm is observed. Previously, it had been attributed to
the levulinic-like structures in Scheme 1 [38]. This structure is believed to emerge from the
end-chain hydrolytic ring-opening of furan units. Two other clusters of free molecules can
be observed as well at 2.4/29 ppm and 2.25/28 ppm. The 2.4/29 ppm clusters are due to
free levulinic acid [38]. The nature of the 2.25/28 ppm cluster remains unclear, however.

Finally, on the right-hand side of Figure 1, five discrete clusters of methyls can be
identified for the PFA® resins, while three, much wider, clusters are observed in the case
of the PFA+ resin. The 'H NMR spectra in Figure 2 can help to better understand their
nature with a focus on the 1.1 to 2.4 ppm. The PFA+ spectrum exhibits three broad methyl
signals. The one at 2.2 ppm been assigned to the methylated furans and is found as well
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in the PFA° spectrum. An even broader signal is observed from 1.90 to 2.15 ppm. It was
assigned to the end-chain levulinic units. While the two PFAs are at similar conversion
degrees, the 1.90-2.15 ppm signal is much broader in the case of PFA+ compared to PFA°.
This is consistent with the higher C=0O content in PFA+.

Methylated furan
0 o)

\ , ‘ / CH3

End-chain levulinic unit
(@]
(@)

.

Scheme 1. Methyl groups found in PFA resins.

CHj

— PFA+
— PFA°
24 22 20 18 16 14 12 10 08
f1 (ppm)

Figure 2. Magnified 1H NMR spectra of PFA° (red) and PFA+ (blue) at a conversion degree of
about 0.80.

Moreover, the PFA+ spectrum displays a low-intensity broad signal from 1.2 to 1.5 ppm.
Such signal is not observed in the PFA® spectrum. Thus, it is obviously emerging from a
water-induced side-reaction. The HMBC spectra in Figure S2 presents the methyl correla-
tions observable for both PFA° and PFA+. The broad methyl signal from 1.2 to 1.5 ppm
of PFA° correlates mainly with a peak around 106 ppm and to a lesser extent with peaks
around 32, 43 and 156 ppm. Due to the overlapping with furan and CH; peaks, the nature
of these methyls remains unclear.

Instead of the broad 1.2 to 1.5 ppm signal, the spectrum of PFA° rather displays four
well-defined peaks at 1.24, 1.43, 1.63 and 1.75 ppm. The chemical environment behind these
peaks will be discussed later in this article. Finally, both PFA° and PFA+ exhibit a methyl
signal at 0.85 ppm, most likely another side-reaction product. The 0.85 ppm methyl peak
was also identified in a previous study [41].

In the following section, the discrepancies between the CH, groups of PFA° and PFA+
will be discussed.

Figure 3 displays a magnification of the HSQC spectra of PFA+ and PFA° centered in
the CHj; region. In Figure 3, the spectrum of PFA® is stacked above the one of PFA+, while
the inverse situation (i.e., PFA+ above PFA®) ° is shown in Figure S3.
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Figure 3. Magnified HSQC spectra of PFA+ (blue) and PFA° (red) of the CH, area. The red spectrum
is stacked on top of the blue one. The clusters circled in black dashed lines are CH groups.

In Figure 3, four main types of CH; can be identified for both PFA+ and PFA°. The
bottom-left one corresponds to furfuryl alcohol and its oligomers. The top-left group
corresponds to the furfuryl units as shown in Scheme 2 [42,43]. For these two clusters,
the spectra of PFA+ and PFA° superimpose nicely, thus showing only a few structural
divergences regarding these moieties. Yet, small clusters around 3.7/28 ppm are observed
on the PFA+ spectrum.

Furfuryl unit

O

\ /)

n
Scheme 2. Main repeating unit found in PFA resins.

The bottom part in Figure 3 encompasses clusters that would match with ether func-
tions [44]. The clusters around 3.8/75 ppm are common to both PFA+ and PFA® and are
most likely the result of head-to-head condensation of furfuryl alcohol molecules. As
depicted in Scheme 3, such condensation is susceptible to occur. Yet, it ultimately leads
to furfuryl units by freeing formaldehyde [42]. A few other clusters are also visible on the
PFA+ spectrum around 4.2/72 ppm, as well as larger ones around 3.5/68 ppm and a small
one at 3.9/62 ppm for PFA°. The exact nature of the molecules causing these correlations is,
however, difficult to point out.

The top-right group in Figure 3 displays CHj; clusters that have been linked to carbonyl-
based open structures [38]. A very wide cluster 2.3-3.3/35-45 ppm is observed in the PFA+
spectrum. In previous work, this cluster was assigned to the open structure of Scheme 4
and/or to the end-chain levulinic units of Scheme 1. In the case of PFA°, a similar, yet
much narrower, cluster is observed.

The carbonyl content of the studied PFA® is about 2.0 mmol/g, while PFA+ contains
about 3.0 mmol/g of carbonyls. As a consequence, the intensity of the CH; neighboring
the carbonyls in PFA+ should be higher than in PFA°. In addition, a wider distribution of
chemical shifts is expected due to the chemical environment of CH; in PFA+. The intensity
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and area of the 'H signals from the CH, cannot be compared accurately due to a lack
of proper baseline. Nonetheless, the HSQC spectra in Figure 3 displays a much higher
heterogeneity of the CH, comprised between 2.2 and 3.3 ppm for PFA+, in comparison
with PFA°. On top of that, the PFA+ spectrum displays clusters, mainly around 3.8/41 ppm,
3.3/40 ppm, 2,8/42 ppm and 3.2/43 ppm, which are not found in PFA°. Thus, introducing
water in the initial reaction medium induces ring-opening reactions which do not occur in
a neat system. Finally, the PFA° spectrum in Figure 3 displays CH clusters around 3.2/47,
3.4/50 ppm not visible on the PFA+ spectrum. Hence, the side reactions occurring in a neat
polymerization are of another nature than the ones occurring in aqueous systems. These sets
of side reactions might explain the influence of the reaction media on the polymerization of
PFA [24-26].

oo -0

Scheme 3. Pathways for the acid-catalyzed polycondensation of FA [42].

Scheme 4. Example of an open structure in PFA resins.

In the following section, the structural differences in the C=C and C-O areas will now
be discussed.

Figure 4 depicts partial HSQC spectra of PFA° and PFA+ with PFA® on top of PFA+.
The opposite situation with PFA+ on top of PFA® is available in Figure S4. In Figure 4, three
groups of clusters can be isolated.

The top-left group corresponds to the C3 and C4 of furanic groups found in PFA, i.e.,
furfuryl units of Scheme 2 and FA [42]. As previously observed in Figure 3, the spectra of
PFA+ and PFA° superimpose nicely for the furanic moieties.

The bottom-left group encompasses clusters matching with alkene groups [44]. They
have been attributed to the conjugated structure of Scheme 5 and its Diels-Alder adduct.
The mechanisms leading to the conjugated structure and the Diels-Alder crosslinking were
investigated in the past [42,45]. In Figure 5, the HC=C clusters at 6.3/137 ppm, 6.0/133 ppm
and 5.8/130 ppm are common to both PFA systems, thus suggesting an assignment to the
structures in Scheme 5 and to the left-over of maleic acid remaining in the system. However,
the PFA+ spectrum exhibits numerous clusters not observed in the case of PFA°. They
might come from enolized carbonyl functions [38].

Indeed, as depicted in the top-right corner of Figure 4, the abundance of clusters is
characteristic of the PFA+ spectrum. Their chemical shifts are consistent with either enols or
hydrated carbonyls [44]. This hypothesis is based on the fact that PFA® has very few clusters
in this area, which is consistent with a lower carbonyl content. Moreover, recent research
on the quantification of carbonyls within PFA systems showed that longer derivatization
times are necessary to fully quantify the carbonyls [35] in PFA in comparison, for instance,
with lignins [39] and bio-oils [40]. As a matter of fact, the reactivity of carbonyls in PFA
resins can be used to tune the properties of the final materials [37]. Hence, the means of
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displacing the enol-carbonyl and/or ketal-carbonyl equilibria can be used to fully exploit
the potential of the carbonyls within PFA systems.

Furans | o 50

100
i 110 E
&g
120 &

130

140

Dienes 150

66 64 62 60 58 56 54 52 50 48
f2 (ppm)

Figure 4. Magnified HSQC spectra of PFA+ (blue) and PFA® (red) of the dienes and ethers areas. The
red spectrum is stacked on top of the blue one.

Conjugated dihydrofuran

Scheme 5. Example of a conjugated moiety and the Diels-Alder adduct formed in PFAs [42].

In a recent study, the presence of aldehyde groups in PEA+ was highlighted, but no
comparison was made with PFA® [38].

Figure 5 displays the HSQC spectra of PFA+ and PFA® focusing on the aldehyde
region, with the spectrum of PFA® on top of the one of PFA+. The opposite situation is
available in Figure S5.

In Figure 5, two populations of aldehydes can be identified in the PFA® system. A
first one below 180 ppm can be identified as furfural and similar groups. Indeed, the
chemical shift of the aldehyde group in furfural is around 178 ppm, while other aldehydes
are usually above 185 ppm [44]. It indicates that both PFA® and PFA+ bear aldehyde groups
similar to the aldehyde of furfural.
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Figure 5. Magnified HSQC spectra of PFA+ (blue) and PFA® (red) focusing on the aldehyde region.
The PFA® spectrum is presented on top of the PFA+ spectrum.

Around 9.5/194 ppm, an aldehyde cluster is observed in both spectra. A previous
study identified this cluster, depicted in Scheme 6, as the result of the oxidative ring-
opening of terminal furan units. It is believed that this conjugated aldehyde reacts through
a Diels-Alder reaction, with linear furans ultimately leading to a stiffening at the surface of
the resin.

()

\ ! A

0] \
(6]
Scheme 6. Conjugated aldehyde resulting from the end-chain oxidative ring-opening of furans in
PFA resins.

Finally, a third set of aldehydes is observed around 200 pm for PFA+ only. It suggests
that the presence of additional water induces the formation of aldehydes during FA’s
polymerization. To further investigate the influence of water on the formation of aldehydes
in PFA resins, they were quantified in PFA° resins employing the same methods "H NMR
as previously on PFA+ [38]. Two methods were employed. The first one used dimethyl-
terephtalate as an external standard. The second method employed the left-over furans
as reference. This last method approximates the macromolecular network as a repetition
of furfuryl unit. However, it does not require the sample mass for the calculations [38].
The results are compiled in Table 1 and illustrated with the 'H quantitative NMR spectra
in Figure 6.

It was found that the concentration of aldehydes in PFA+ increase with the conversion
degree, as well as the aldehyde ratio—over all the carbonyls [44]. Table 1 reports a similar
behavior for PFA°. With the method using an external standard, the aldehyde concentration
increases very slightly over time with the course of polymerization. Nonetheless, the
aldehyde ratio remains steady during the whole polymerization of FA in the neat system.
A similar trend is observed with the left-over furan method. Overall, PFA° comprised up to
0.13 mmol/g of aldehydes, i.e., about 7% of its carbonyls. In comparison, the PFA+ resins
comprise about 0.50 mmol/g of aldehydes in resin with a conversion degree of 0.83 and
about 0.20 mmol/g of aldehydes for a resin with a conversion degree of 0.47. Consequently,
polymerizing FA in a 50% aqueous solution stimulates the production of aldehydes either
from a water-based or an oxidative pathway.
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Table 1. Results of the aldehydes’ quantification in the PFA® resin.

External Standard Left-Over Furans

Conversion Degree (x) Aldehyde Content (mmol/g) Aldehyde Ratio ~ Aldehyde Content (mmol/g)  Aldehyde Ratio

0.00 0.04 0.21 0.04 0.20
0.23 0.10 0.07 0.11 0.08
0.55 0.09 0.05 0.13 0.07
0.76 0.13 0.07 0.22 0.11

o = 0.00 |

o =023 |

o =0.55 | .

a=0.76 I w

100 9.8 96 94 92 9.0
f1 (ppm)

Figure 6. Quantitative 'H NMR spectra of FA and PFA° resin focused on the aldehyde area.

To further emphasize the structural discrepancies between PFA° and PFA+, the ester
functions will now be discussed.

In the past, the existence of ester functions in a PFA network was mentioned numerous
times [22,27,33-36,46]. The lactone structure in Scheme 7 was proposed as the source of
these esters. In the following, the HMBC method is used to investigate their nature.

(@)

o) o) 0 o)k/\[(
\' NS oMN<\J/\ 0

Scheme 7. Postulated ester functions within PFA [27,33,34,46].

Figure 7 displays the magnified HMBC spectrum of PFA°. As the concentration of
esters is low, and due to an overlapping with other signals, only a few insights can be given.
Figure 7 shows 2J and 3] correlations which match well with the predicted chemical shifts
of the lactone depicted in Scheme 7. The predicted chemical shifts were obtained from
the NMR predict software from University of Lausanne “NMR DB” and are available in
Table S2 [47].

The nature of the other methyl peaks in PFA° cannot be elucidated as easily. However,
the peaks at 1.91, 1,75, 1,48 and 1,43 ppm all correlate with carbon peaks in the ester
region, i.e., from 150 to 185 ppm. The PFA+ HMBC spectrum in Figure S2 displays the
1.48/156 ppm and 1.91/172 ppm clusters as well. Nonetheless, the lactone is not observed
in the PFA+ spectrum. This is consistent with previous work, including with the FTIR
spectrum of PFA+ resins that exhibit the typical ester bands [27,35,36].

Therefore, some of the esters in PFA° are terminal lactones. The end-chain location
of the lactones might explain why fewer aldehydes are present in the PFA° compared to
PFA+. The presence of furfuryl levulinates is also possible, although their signals might be
overlapping with the ones of levulinic acid.
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Figure 7. Magnified HMBC spectrum of PFA® at a conversion degree of 0.76.

From the comparison of the MALDI ToF spectra in Figures 8A-D and 9A-D and
Table S3, there are more open structures and ketone structures in PFA+ than in PFA°. This
can be seen from the greatest abundance of the structures at 326-327 Da, 334 Da and
574-576 Da (Scheme 8).

The 326-327 Da is in line with the open structure already found in the NMR section,
and shown in the simpler structure corresponding to the MALDI peak at 198 Da. As shown
below, the 334 Da and 574-576 Da ones are also examples of oligomers which includes
some open ketone structure.

The two structures at 334 Da and 574-576 Da are also examples of how the Diels-Alder
rearrangement of furanic chains participates in higher molecular weight oligomers.

For the 325 Da, the peak is much more intense in relation to the rest of the spectrum,
and for the 334 Da, while the size is similar for the two PFA resins. PFA+ presents two
peaks of equal height that indicate that the abundance of the structure is higher. The
ketone-carrying structure at 574-576 Da also has a much more pronounced peak for PFA+,
and all its multiples are far more intense than in PFA°. The ketone structures at 360 Da and
at 440 Da also present peaks clearly much more intense in PFA+. The structure at 361 Da
(including the 23 Da for Na™) is also one example of the structure determined in the NMR
section (Figure 7).

There are other indications of this. The peak at 152 Da in the PFA+ is smaller than the
154 Da one in PFA°, while in the latter the closer non-ketone form is instead more evident
at 157 Da.

There are several structures in which a charged atom is still present. One example is
the peak at 161 Da that could be interpreted as any one of the two structures of Scheme 9.

However, both might be effectively present, as well as being fabricated in the MALDI
ToF experience itself. Yet, the presence of several other similarly charged structures at
176 Da, 240-241 Da, 481-483 Da and 496 Da appear to indicate that these structures are not
just a fabrication of the MALDI spectrometer (Scheme 10).
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Figure 8. (A-D) MALDI ToF mass spectra of PFA°.
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Scheme 10. MALDI ToF assignment of PFA°® and PFA+.

The peak at 176 Da, which is much stronger in PFA°, can be ascribed to two different
structures contributing to the same peak (Scheme 11). The much smaller residual 176 Da in
PFA+ might definitely be due to the open ketone structure.

/ o} 7 O / O O O
+H2C \ Z s
o) ~
PFA+, PFA° PFA°

Scheme 11. MALDI ToF assignment of PFA° and PFA+.

With the second one having been identified in the NMR investigation. Related to these
forms are the peaks at 190 Da and 194 Da, assigned to the structures in Scheme 12.

O CH2+ O o
*H,C ~ Hy*
2 o y \ /
PFA+ PFA°

Scheme 12. MALDI ToF assignment of PFA° and PFA+.

At 190-191 Da, with the second one is far more likely than the first one, and the form
at 194 Da (Scheme 13).
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Scheme 13. MALDI ToF assignment of PFA° and PFA+.

Also interesting is the behavior of the 241-242 peak. This can be attributed to two
structures in Scheme 14, both being likely.

(0] “ o ol
O ) \ / I O = 0 0 =
N\ 4/ —CHy"
PFA+, PFA° PFA+, PFA®
Scheme 14. MALDI ToF assignment of PFA° and PFA+.

Among the structures observed is also one structure as identified in the NMR analysis
in which the terminal unit of an furanic oligomer is a conjugated aldehyde resulting from
the end-chain oxidative ring-opening of furans in PFA resins (Scheme 15). This is observed
at 404 Da -no Na* and 428 Da (with Na™*, presenting the structure in Scheme 15)

PFA+, PFA°

Scheme 15. MALDI ToF assignment of PFA° and PFA+.

Finally, the structure formed by Diels-Alder adducts are well present in the PFA resins
examined, with the peaks at 310 Da, 318 Da, 334 Da (with Na*) again showing more open
forms in PFA+, 456 Da (no Na*) and 476-478 Da (with Na*), 470 Da (no Na*) and 493 Da
(with Na™), 481-483 Da and 496 Da, and 574-575 Da (Table S3) such as the species at 456 Da
and 470 Da, as follows in Scheme 16.

456 Da 470 Da
Scheme 16. MALDI ToF assignment of PFA° and PFA+.

4. Conclusions

In this article, the chemical structures of two types of PFA resins were investigated.
The first PFA was prepared in neat conditions (PFA°), while the second one was prepared in
a 50%w aqueous solution (PFA+). To investigate the structures, both NMR and MALDI ToF
were employed. Overall, the study highlights a higher heterogeneity in PEA+ as exemplified
by broader HSQC clusters. Such heterogeneities were attributed to water-induced side
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reactions. They involve the formation of ketonic and aldehyde species. Moreover, it
was shown that the resulting ketones are sensitive to enolization and hydration. On
the other hand, PFA° displays fewer ketone derivatives. In addition, the presence of
aldehyde groups are about two times more important in PFA+ compared to PFA°, thus
indicating that polymerization in aqueous conditions favors their formation. Furthermore,
the presence of lactone end-groups in PFA° was confirmed, and it somehow explains
the lower concentration of aldehydes for PFA°. Finally, the results from the MALDI ToF
investigations corroborated the higher abundance of open structures in PFA+ systems and
thus helped to propose some potential structures.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15071745/s1, Figure S1: Magnified HSQC spectra of PFA+
(blue) and PFA® (red) of the CHj3 area. The blue spectrum is stacked on top of the red one. Figure S2: HMBC
spectra of PFA° (red) and PFA+ (blue) focusing on the methyls. The red spectrum is on top of the blue
one. Figure S3: Magnified HSQC spectra of PFA+ (blue) and PFA° (red) of the CH; area. The blue
spectrum is stacked on top of the red one.Figure S4: Magnified HSQC spectra of PFA+ (blue) and
PFA° (red) of the dienes and ethers areas. The blue spectrum is stacked on top of the red one. Figure
S5: Magnified HSQC spectra of PFA+ (blue) and PFA® (red) of the aldehyde area. The blue spectrum
is stacked on top of the red one. Table S1: Data obtained from the C=O quantification, enthalpies
from DSC and the calculated conversion degrees. Table S2: 'H and '*C NMR predicted chemical shift
of a furfuryl lactone unit. Table S3: MALDI ToF assignments.

Author Contributions: Conceptualization, P.D. and N.G.; methodology, P.D. and A.P.; validation,
PD., A.P. and N.G; formal analysis, P.D.; investigation, P.D. and A.P; resources, N.G.; data curation,
P.D.; writing—original draft preparation, P.D.; writing—review and editing, A.P. and N.G.; supervi-
sion, N.G.; project administration, N.G.; funding acquisition, N.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the French Agence Nationale de la Recherche—ANR for
funding the project FUTURES, grant number ANR-19-CE06-0005.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. These data can
be found here: https:/ /hal.science/ (accessed on 30 March 2023).

Acknowledgments: The authors acknowledge the COST Action FUR4Sustain—European network
of FURan based chemicals and materials FOR a Sustainable development, CA18220, supported by
COST (European Cooperation in Science and Technology). The LERMARB is supported by the French
Agence Nationale de la Recherche (ANR) under the Laboratory of Excellence (Labex) ARBRE.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hsissou, R; Seghiri, R.; Benzekri, Z.; Hilali, M.; Rafik, M.; Elharfi, A. Polymer Composite Materials: A Comprehensive Review.
Compos. Struct. 2021, 262, 113640. [CrossRef]

2. Biron, M. The Plastics Industry: Economic Overview. In Thermosets and Composites, 2nd ed.; Elsevier Ltd.: Oxford, UK, 2014;
pp- 25-104.

3. Mahajan, J.S.; O’'Dea, R.M.; Norris, ].B.; Korley, L.S.T.J.; Epps, T.H. Aromatics from Lignocellulosic Biomass: A Platform for
High-Performance Thermosets. ACS Sustain. Chem. Eng. 2020, 8, 15072-15096. [CrossRef]

4. Pizzi, A.; Ibeh, C.C. Phenol-Formaldehyde Resins. In Handbook of Thermosets and Plastics, 4th ed.; Elsevier Inc.: Oxford, UK, 2022;
pp- 13-40.

5. Abdullah, U.H.B,; Pizzi, A. Tannin-Furfuryl Alcohol Wood Panel Adhesives without Formaldehyde. Eur. J. Wood Wood Prod. 2013,
71,131-132. [CrossRef]

6. Gongalves, D.; Bordado, ].M.; Marques, A.C.; Dos Santos, R.G. Non-Formaldehyde, Bio-Based Adhesives for Use in Wood-Based
Panel Manufacturing Industry—A Review. Polymers 2021, 13, 4086. [CrossRef] [PubMed]

7.  Foyer, G.; Chanfi, B.H.; Boutevin, B.; Caillol, S.; David, G. New Method for the Synthesis of Formaldehyde-Free Phenolic Resins
from Lignin-Based Aldehyde Precursors. Eur. Polym. ]. 2016, 74, 296-309. [CrossRef]

8. Szczurek, A.; Fierro, V.; Thébault, M.; Pizzi, A.; Celzard, A. Structure and Properties of Poly(Furfuryl Alcohol)-Tannin PolyHIPEs.

Eur. Polym. J. 2016, 78, 195-212. [CrossRef]


https://www.mdpi.com/article/10.3390/polym15071745/s1
https://www.mdpi.com/article/10.3390/polym15071745/s1
https://hal.science/
http://doi.org/10.1016/j.compstruct.2021.113640
http://doi.org/10.1021/acssuschemeng.0c04817
http://doi.org/10.1007/s00107-012-0629-4
http://doi.org/10.3390/polym13234086
http://www.ncbi.nlm.nih.gov/pubmed/34883590
http://doi.org/10.1016/j.eurpolymj.2015.11.036
http://doi.org/10.1016/j.eurpolymj.2016.03.037

Polymers 2023, 15, 1745 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Abdalla, S.; Pizzi, A.; Bahabri, F.; Ganash, A. Furanic Copolymers with Synthetic and Natural Phenolic Materials for Wood
Adhesives—A MALDI TOF Study. Maderas Cienc. Tecnol. 2015, 17, 99-104. [CrossRef]

Guigo, N.; Mija, A.; Vincent, L.; Sbirrazzuoli, N. Eco-Friendly Composite Resins Based on Renewable Biomass Resources:
Polyfurfuryl Alcohol/Lignin Thermosets. Eur. Polym. J. 2010, 46, 1016-1023. [CrossRef]

Zhu, X,; Bruijnaers, B.; Lourengon, T.V.; Balakshin, M. Structural Analysis of Lignin-Based Furan Resin. Materials 2022, 15, 350.
[CrossRef]

Pin, ].M.; Guigo, N.; Vincent, L.; Sbirrazzuoli, N.; Mija, A. Copolymerization as a Strategy to Combine Epoxidized Linseed Oil
and Furfuryl Alcohol: The Design of a Fully Bio-Based Thermoset. ChemSusChem 2015, 8, 4149-4161. [CrossRef]

Pin, ].M.; Guigo, N.; Mija, A.; Vincent, L.; Sbirrazzuoli, N.; Van Der Waal, ].C.; De Jong, E. Valorization of Biorefinery Side-Stream
Products: Combination of Humins with Polyfurfuryl Alcohol for Composite Elaboration. ACS Sustain. Chem. Eng. 2014,
2,2182-2190. [CrossRef]

Menager, C.; Guigo, N.; Wu, X.; Vincent, L.; Sbirrazzuoli, N. “Green” Composites Prepared from Polyfurfuryl Alcohol and Cork
Residues: Thermal and Mechanical Properties. Compos. Part A Appl. Sci. Manuf. 2019, 124, 105473. [CrossRef]

Xi, X.; Wu, Z.; Pizzi, A.; Gerardin, C.; Lei, H.; Du, G. Furfuryl Alcohol-Aldehyde Plywood Adhesive Resins. . Adhes. 2020,
96, 814-838. [CrossRef]

Deka, H.; Misra, M.; Mohanty, A. Renewable Resource Based “All Green Composites” from Kenaf Biofiber and Poly(Furfuryl
Alcohol) Bioresin. Ind. Crops Prod. 2013, 41, 94-101. [CrossRef]

Lems, E.M.; Winklehner, S.; Hansmann, C.; Gindl-Altmutter, W.; Veigel, S. Reinforcing Effect of Poly(Furfuryl Alcohol) in
Cellulose-Based Porous Materials. Cellulose 2019, 26, 4431-4444. [CrossRef]

Bosq, N.; Guigo, N.; Vincent, L.; Sbirrazzuoli, N. Thermomechanical Behavior of a Novel Biobased Poly(Furfurylalcohol)/Silica
Nanocomposite Elaborated by Smart Functionalization of Silica Nanoparticles. Polym. Degrad. Stab. 2015, 118, 137-146. [CrossRef]
Wang, P; Deng, G.; Zhu, H.; Zhang, H.; Yin, J.; Xiong, X.; Wu, X. Effect of MWCNT Content on Conductivity and Mechanical and
Wear Properties of Copper Foam/Resin Composite. Compos. Part B Eng. 2019, 168, 572-580. [CrossRef]

Montagna, L.S.; da Silva, A.P.B.; de Melo Morgado, G.E; Ribeiro, B.; Passador, ER.; Rezende, M.C. PFA Nanocomposites: The
Influence of Three Carbon Nanofillers on the Mechanical and Electromagnetic Properties. J. Polym. Res. 2021, 28, 253. [CrossRef]
Shibutani, K.; Nakai, J.; Aphichartsuphapkhajorn, K.; Kayaki, Y.; Kuwata, S.; Arao, Y.; Kubouchi, M. The Activation of Furfuryl
Alcohol Polymerization by Oxygen and Its Enhanced Mechanical Properties. J. Appl. Polym. Sci. 2021, 138, 50311. [CrossRef]
Pranger, L.A.; Nunnery, G.A.; Tannenbaum, R. Mechanism of the Nanoparticle-Catalyzed Polymerization of Furfuryl Alcohol and
the Thermal and Mechanical Properties of the Resulting Nanocomposites. Compos. Part B Eng. 2012, 43, 1139-1146. [CrossRef]
Choura, M.; Belgacem, N.M.; Gandini, A. Acid-Catalyzed Polycondensation of Furfuryl Alcohol: Mechanisms of Chromophore
Formation and Cross-Linking. Macromolecules 1996, 29, 3839-3850. [CrossRef]

Guigo, N.; Mija, A.; Vincent, L.; Sbirrazzuoli, N. Chemorheological Analysis and Model-Free Kinetics of Acid Catalysed Furfuryl
Alcohol Polymerization. Phys. Chem. Chem. Phys. 2007, 9, 5359-5366. [CrossRef] [PubMed]

Zavaglia, R.; Guigo, N.; Sbirrazzuoli, N.; Mija, A.; Vincent, L. Complex Kinetic Pathway of Furfuryl Alcohol Polymerization
Catalyzed by Green Montmorillonite Clays. J. Phys. Chem. B 2012, 116, 8259-8268. [CrossRef] [PubMed]

Falco, G.; Guigo, N.; Vincent, L.; Sbirrazzuoli, N. FA Polymerization Disruption by Protic Polar Solvents. Polymers 2018, 10, 529.
[CrossRef]

Falco, G.; Guigo, N.; Vincent, L.; Sbirrazzuoli, N. Opening Furan for Tailoring Properties of Bio-Based Poly(Furfuryl Alcohol)
Thermoset. ChemSusChem 2018, 11, 1805-1812. [CrossRef]

Gonzélez Maldonado, G.M.; Assary, R.S.; Dumesic, J.; Curtiss, L.A. Experimental and Theoretical Studies of the Acid-Catalyzed
Conversion of Furfuryl Alcohol to Levulinic Acid in Aqueous Solution. Energy Environ. Sci. 2012, 5, 6981-6989. [CrossRef]
Chappaz, A.; Lai, J.; De Oliveira Vigier, K.; Morvan, D.; Wischert, R.; Corbet, M.; Doumert, B.; Trivelli, X.; Liebens, A.; Jérome, F.
Selective Conversion of Concentrated Feeds of Furfuryl Alcohol to Alkyl Levulinates Catalyzed by Metal Triflates. ACS Sustain.
Chem. Eng. 2018, 6, 4405-4411. [CrossRef]

Conley, R.T.; Metil, I. An Investigation of the Structure of Furfuryl Alcohol Polycondensates with Infrared Spectroscopy. J. Appl.
Polym. Sci. 1963, 7, 37-52. [CrossRef]

Barsberg, S.; Thygesen, L.G. Poly(Furfuryl Alcohol) Formation in Neat Furfuryl Alcohol and in Cymene Studied by ATR-IR
Spectroscopy and Density Functional Theory (B3LYP) Prediction of Vibrational Bands. Vib. Spectrosc. 2009, 49, 52—63. [CrossRef]
Kim, T.; Assary, R.S.; Marshall, C.L.; Gosztola, D.J.; Curtiss, L.A.; Stair, P.C. Acid-Catalyzed Furfuryl Alcohol Polymerization:
Characterizations of Molecular Structure and Thermodynamic Properties. ChemCatChem 2011, 3, 1451-1458. [CrossRef]

Tondi, G.; Cefarin, N.; Sepperer, T.; D’Amico, F; Berger, R.J.F; Musso, M.; Birarda, G.; Reyer, A.; Schnabel, T.; Vaccari, L.
Understanding the Polymerization of Polyfurfuryl Alcohol: Ring Opening and Diels-Alder Reactions. Polymers 2019, 11, 2126.
[CrossRef] [PubMed]

D’Amico, F; Musso, M.E.; Berger, R.J.E,; Cefarin, N.; Birarda, G.; Tondi, G.; Bertoldo Menezes, D.; Reyer, A.; Scarabattoli, L.;
Sepperer, T.; et al. Chemical Constitution of Polyfurfuryl Alcohol Investigated by FTIR and Resonant Raman Spectroscopy.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 262, 120090. [CrossRef]

Delliere, P.; Guigo, N. Monitoring the Degree of Carbonyl-Based Open Structure in a Furanic Macromolecular System. Macro-
molecules 2022, 55, 1196-1204. [CrossRef]


http://doi.org/10.4067/S0718-221X2015005000010
http://doi.org/10.1016/j.eurpolymj.2010.02.010
http://doi.org/10.3390/ma15010350
http://doi.org/10.1002/cssc.201501259
http://doi.org/10.1021/sc5003769
http://doi.org/10.1016/j.compositesa.2019.105473
http://doi.org/10.1080/00218464.2018.1519435
http://doi.org/10.1016/j.indcrop.2012.03.037
http://doi.org/10.1007/s10570-019-02348-6
http://doi.org/10.1016/j.polymdegradstab.2015.04.018
http://doi.org/10.1016/j.compositesb.2019.03.067
http://doi.org/10.1007/s10965-021-02613-y
http://doi.org/10.1002/app.50311
http://doi.org/10.1016/j.compositesb.2011.08.010
http://doi.org/10.1021/ma951522f
http://doi.org/10.1039/b707950h
http://www.ncbi.nlm.nih.gov/pubmed/17914473
http://doi.org/10.1021/jp301439q
http://www.ncbi.nlm.nih.gov/pubmed/22702448
http://doi.org/10.3390/polym10050529
http://doi.org/10.1002/cssc.201800620
http://doi.org/10.1039/c2ee03465d
http://doi.org/10.1021/acssuschemeng.8b00100
http://doi.org/10.1002/app.1963.070070104
http://doi.org/10.1016/j.vibspec.2008.04.013
http://doi.org/10.1002/cctc.201100098
http://doi.org/10.3390/polym11122126
http://www.ncbi.nlm.nih.gov/pubmed/31861244
http://doi.org/10.1016/j.saa.2021.120090
http://doi.org/10.1021/acs.macromol.1c02098

Polymers 2023, 15, 1745 18 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

Quinquet, L.; Delliere, P.; Guigo, N. Conditions to Control Furan Ring Opening during Furfuryl Alcohol Polymerization. Molecules
2022, 27,3212. [CrossRef]

Delliere, P.; Guigo, N. Exploring New Horizons for Bio-Based Poly(Furfuryl Alcohol) by Exploiting Functionalities Offered by
Side Reactions. ACS Macro Lett. 2022, 11, 1202-1206. [CrossRef] [PubMed]

Delliere, P.; Guigo, N. Revealed Pathways of Furan Ring Opening and Surface Crosslinking in Biobased Polyfurfuryl Alcohol.
Eur. Polym. J. 2023, 111869. [CrossRef]

Faix, O.; Andersons, B.; Zakis, G. Determination of Carbonyl Groups of Six Round Robin Lignins by Modified Oximation and
FTIR Spectroscopyy. Holzforschung 1998, 52, 268-274. [CrossRef]

Black, S.; Ferrell, ].R. Determination of Carbonyl Groups in Pyrolysis Bio-Oils Using Potentiometric Titration: Review and
Comparison of Methods. Energy Fuels 2016, 30, 1071-1077. [CrossRef]

Gonzalez, R.; Martinez, R.; Ortiz, P. Polymerization of Furfuryl Alcohols with Trifluoroacetic Acid: The Influence of Experimental
Conditions. Macromol. Chem. Phys. 1992, 193, 1-9. [CrossRef]

Choura, M.; Belgacem, N.M.; Gandini, A. The Acid-Catalyzed Polycondensation of Furfuryl Alcohol: Old Puzzles Unravelled.
Macromol. Symp. 1997, 122, 263-268. [CrossRef]

Gonzalez, R.; Figueroa, ].M.; Gonzalez, H. Furfuryl Alcohol Polymerisation by Iodine in Methylene Chloride. Eur. Polym. ]. 2002,
38, 287-297. [CrossRef]

Silverstein, R.M.; Webster, F.X.; Kiemle, D.J.; Bryce, D.L. Spectrometric Identification of Organic Compounds, 8th ed.; John Wiley &
Sons Inc.: Hoboken, NJ, USA, 2016.

Buchwalter, S.L. Polymerization of Furfuryl Acetate in Acetonitrile. J. Polym. Sci. Polym. Chem. Ed. 1985, 23, 2897-2911. [CrossRef]
Wewerka, E.M. Study of the y-Alumina Polymerization of Furfuryl Alcohol. J. Polym. Sci. Part A-1 Polym. Chem. 1971, 9, 2703-2715.
[CrossRef]

Banfi, D.; Patiny, L. www.nmrdb.org: Resurrecting and Processing NMR Spectra On-line. Chimia 2008, 62, 280-281. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/molecules27103212
http://doi.org/10.1021/acsmacrolett.2c00427
http://www.ncbi.nlm.nih.gov/pubmed/36149787
http://doi.org/10.1016/j.eurpolymj.2023.111869
http://doi.org/10.1515/hfsg.1998.52.3.268
http://doi.org/10.1021/acs.energyfuels.5b02511
http://doi.org/10.1002/macp.1992.021930101
http://doi.org/10.1002/masy.19971220141
http://doi.org/10.1016/S0014-3057(01)00090-8
http://doi.org/10.1002/pol.1985.170231202
http://doi.org/10.1002/pol.1971.150090923
http://doi.org/10.2533/chimia.2008.280

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of PFA Resins 
	Characterization of the PFA Resins 
	Nuclear Magnetic Resonance (NMR) 
	MALDI ToF Mass Spectrometry 

	Results 
	Conclusions 
	References

