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Abstract

Three biobased epoxy from vanillic alcohol, linseed oil and cardanol were crosslinked with
phosphoric acid to prepare vitrimers. The reactivities of the different types of epoxy towards
phosphoric acid were assessed by 'H and *'P NMR spectroscopy on model molecules. The resulting
phosphate esters constitute the nodes of the network, which can exchange with free hydroxy groups
upon heating, thus conferring reshaping capability to the materials. Additionally, the phosphate
groups endow flame retardant properties to the materials. When exposed to fire a char layer is
formed, which insulates the inner part of the material and slows down its combustion. Finally,
mixtures of the three epoxy resins led to dynamic materials with both fire retardancy properties and
low T,.
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Introduction
Vitrimers are polymeric materials at the crossroads of thermosets and thermoplastics, able to be
mechanically reprocessed and endowed with high chemical resistance.! They are made of a
tridimensional macromolecular network whose covalent bonds are dynamic thanks to bond or
functional groups exchanges.” This peculiar property makes them able to flow and change shape
upon heating.

Since the first vitrimer, based on catalyzed transesterification,® several strategies have been
developed to obtain fast exchanges in such materials. Indeed, sufficiently fast exchange at
moderately high temperature are desirable to attain acceptable reprocessing times and avoid
degradation. In particular, numerous different exchange reactions were investigated® such as
vinylogous urethane transamination,® imine metathesis’ or olefins metathesis® to name a few.
Alternatively, the rate of a slow exchange reaction can be enhanced by the use of catalysts. This
approach is typical for transesterification vitrimers for instance. >> Another strategy consists in
exploiting well-chosen and judiciously located activating groups in the network to accelerate the
exchange reaction.”™ Surprisingly, in this quest for fast exchanges, limited interest was given to
phosphate esters despite their known easy exchange with alcohols.”® Phosphates were used as
adhesion promoters in polyimine vitrimers.'® The transesterification of carboxylate esters in vitrimers
was also catalyzed by phosphates and phosphonates.”? Nonetheless, few articles reported the use
of phosphate esters as the exchange sites in vitrimers. Exchanges can happen between phosphate
esters and carboxylate esters,”® and even via a dissociative pathway involving a cyclization to make a
dynamic network.** However, the associative exchange of a phosphate ester with a hydroxyl moiety
is the most common. For example, a vitrimer was prepared by anionic polymerization of bisphenol A
diglycidyl ether (BADGE) in ionic liquid containing phosphates. The resulting phosphate esters where
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the crosslinking nodes of the network.”” Feng and Li also reported vitrimers based on BADGE
crosslinked by phosphate diesters.”®?” The dynamic behaviour of phosphate ester based vitrimers
was much faster compared to their carboxylic ester counterparts. The exchange can even be
accelerated by hydroxyl groups in close vicinity to phosphate ester bonds.”® Furthermore,
phosphates added fire retardancy properties to the materials.”> Another article reported epoxidized
rubber crosslinked by D-fructose 1,6-bisphosphoric acid as an example of biobased vitrimer
elastomer.*® Phytic acid, a naturally occurring polyphosphoric acid, was used to crosslink epoxidized
itaconic acid to obtain fully biobased fire retardant vitrimers.** Finally, Sijoesma et al. described a
network with phosphate triesters as crosslinking nodes.* The material was a vitrimer, resulting from
the reaction between a polyol and triphenyl phosphate in the presence of sodium hydride. The
phosphate ester vitrimers described so far were based on difunctional phosphoric acid monoesters.
However, the use of phosphoric acid H;PO, has not been reported yet in such materials. Phosphoric
acid bears three acid functions able to react with epoxides to produce beta-hydroxyl phosphoester
functional groups susceptible to fast transesterification.

In this work, the reactivities of different epoxy functions towards phosphoric acid were assessed via
'H NMR spectroscopy studies on model molecules. Then, three biobased epoxy resins with different
structures were polymerized with phosphoric acid H;PO, and the thermal and mechanical behaviors
of the materials obtained were compared, in particular their dynamic and flame-retardant
properties. Binary and ternary mixtures of the epoxy monomers could also be used to tune the
properties of the final materials.

Results and Discussion

Epoxy resins

Diglycidyl ether of vanillic alcohol (DGEVA) is derived from vanillin,** a compound found in vanilla
which can be produced industrially from lignocellulosic materials.>* Vanillin is first reduced to vanillic
alcohol prior to glycidylation by epichlorohydrin, which can be biobased,* to finally reach DGEVA
(Scheme 1). DGEVA is based on a phenolic structure and could replace DGEBA, the diepoxy found in
more than 90 % of commercial epoxy formulas and derived from bisphenol A, a known endocrine
disruptor.>®
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Scheme 1. Synthesis of DGEVA from vanillin

Polyfunctional epoxy resins can also be obtained from vegetable oils, by oxydation of unsaturated
triglycerides (triesters of fatty acid with glycerol, Scheme 2).*® Epoxidized linseed oil (ELO) was used
in this study to cover a broad spectrum of mechanical properties for the final materials.
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Scheme 2. Epoxidation of vegetable oils unsaturations. Example of the typical triglyceride composition of linseed oil. 37

Finally, a commercial cardanol-based difunctional epoxy (Cardolite NC-514) was also used. Cardanol
is extracted from cashew nut shell liquid (CNSL), a waste from the production of cashew nuts.
Cardanol is composed of a phenol with a C15 aliphatic side chain (Scheme 3).>**° Cardanol can be
modified to produce an epoxy resin with an average functionality of 2.*! These three monomers were
endowed with different types of epoxy function, internal, terminal and glycidyl, and thus with
different reactivities, which were evaluated with model compounds.
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Scheme 3. Structures of cardanol® and of NC-514 (ideal structure expected)

Reactivity study

The reactivity of phosphoric acid towards epoxy moieties was investigated by *H NMR spectroscopy.
Three model molecules were chosen to compare the reactivity of terminal or internal epoxides and
of phenolic glycidyl ethers. The monophosphoric acid dibutyl phosphate was chosen to simplify the
interpretation of the spectra, and was used in a 10-fold molar excess compared to epoxy groups to
conduct the kinetics experiments under pseudo-first order conditions. 9,10-Epoxyoctadecane, 1,2-
epoxydodecane and phenyl glycidyl ether were used as epoxy substrates and the disappearance of
cyclic ether signals were monitored (Figure 1).
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Figure 1. Evolution of the conversion of the epoxy model molecules versus time and pseudo-first order plots (inset).

A 90 % conversion was reached in 5 h 50 min for the glycidyl ether, 4 h for the internal epoxide (9,10-
epoxyoctadecane) and only 40 min for the terminal epoxide (1,2-epoxydodecane). For each epoxy,
In(C/C,) was plotted against time and k., were determined as the slopes of the linear fits (Figure 1
inset). The kqps measured this way were 1.120 + 0.006 10* s, 1.55 + 0.01 10” s™ and 9.0 £ 0.310™ s™*
for the glycidyl ether, the internal epoxide and the terminal epoxide, respectively (Figure 1 inset).

The aliphatic terminal epoxides were converted 8 times faster than the glycidyl ether. Such a
difference in reaction rates between the opening of the phenoxyepoxide and of the alkoxyepoxide
was unexpected. One possible explanation may be that the phenoxy substituent, slightly less
electron donor than its alkoxy counterpart, provides a lower stabilization of the positive charge on
the protonated epoxide intermediate. The slight difference in regioselectivity (Scheme 4) is in
agreement with this explanation since the phenoxyepoxide led to a greater proportion of terminal
phosphonate than its alkoxy analog, likely due to the lower stabilization of the secondary (internal)
phenoxyepoxide—derived carbocation. However, this explanation remains speculative and was not
fully demonstrated. The ring opening reaction was also much faster for terminal epoxy than for
internal epoxy, probably due to steric effects.

Although the methodology adopted reveals the consumption of the epoxide functions in presence of
phosphoric acid, it does not give access to information about the reactions at stakes and the
products formed. Considering the reactions were carried out at room temperature and with a large
excess of acid (10:1 POH/epoxy), the self-condensation or homopolymerization of epoxides to
produce ether bonds is very unlikely.
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Scheme 4. Regioselectivity (mol%) of oxirane opening by dibutylphosphoric acid on: a. phenylglycidyl ether and, b. 1,2-
epoxydodecane.

Once the reactivity of the different types of epoxy towards a monophosphoric acid group was
verified, reversely the reactivity of the three acid functions of H;PO, towards an epoxy function was
also assessed, to ensure the formation of a trisubstituted phosphate ester by this reaction. Thus, the
evolution of a binary mixture of 1 equivalent of phosphoric acid and 28 equivalents of phenyl glycidyl
ether in acetone was monitored by *'P NMR spectroscopy (=10:1 epoxy/acid functions). In this case,
the epoxy order was degenerate and the reactions were run under pseudo-first order for the
phosphoric acid. The kinetic equations to model this system are given in Supporting Information.
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Figure 2. Evolution with time of the proportion of P-containing species during the reaction of phosphoric acid with phenyl
glycidyl epoxy.

The *'P NMR spectra showed that the substitution of the three acid functions happened
simultaneously (Figure 2 and S15 to S17). To simplify the fitting, T was determined as T=1-(A+M+D),
thus only A, M and D were fitted altogether with the model equations (Equations S5 to S8), and the
values obtained for ki, k; and k; were reported in Table 1.

Table 1. Kinetics parameters derived from the fit of the plots shown in Figure 2.

ki (h) k; (h) ks (h) R?
0.56 +0.01 0.62 +0.02 1.01 £ 0.03 0.98373

N.B.: The kinetics parameters were determined by a single fit to optimize the three curves at a time

According to these rate constants values (k; i =1-3), the disubstituted product is more reactive than
the monosubstituted product, itself slightly more reactive than the phosphoric acid toward the
addition to an epoxy. This result proves that the formation of trisubstituted phosphate esters by
reaction of epoxy and phosphoric acid is favored, and could lead to crosslinked networks.

Vitrimers synthesis

Vitrimers were synthesized from commercially available biobased epoxy resins and phosphoric acid
using a 1:1 epoxy:acid equivalent ratio. The ring opening polymerization of polyfunctional epoxy by
phosphoric acid leads to B-hydroxy phosphate esters. Phosphoric acid is trifunctional, it thus played
the roles of both hardener and crosslinker (Scheme 5).
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Scheme 5. Synthesis of phosphate triesters by ring opening polymerization (ROP) of epoxides by phosphoric acid.

DGEVA, ELO and NC-514 were used as epoxy precursors, and the influence of their structures on the
materials properties was assessed. The aromatic structure of DGEVA was expected to confer rigidity
and thermal resistance to the materials. The aliphatic structure of ELO was expected to lower the T,
and confer flexibility to the final materials. NC-514 was expected to yield materials with intermediate
properties compared to DGEVA-based and ELO-based materials.

Due to the strong acidity (pKa) of phosphoric acid, the reaction with the epoxy ring is fast and very
exothermic. The high viscosities of the epoxy resins do not allow an efficient heat dissipation, and the
direct mixing of concentrated phosphoric acid and epoxy resin on a 10-grams scale can lead to a
thermal runaway. Such runaway reaction effectively happened in the course of this study and led to
a small fire which caused limited damage to a lab instrument. To prevent this issue, a solution is to
dilute the reaction medium by using a solvent with a suitable boiling point, sufficiently high not to
evaporate during the polymerization, but not too high to prevent removal under reduced pressure
after synthesis. ELO and DGEVA epoxy resins were thus first diluted with 50 wt% and 20 wt% of
acetone, respectively. The formulation for NC-514 was solvent-free owing to the lower reactivity of
the glycidyl ether moieties towards phosphoric acid. Then, phosphoric acid was added as a
concentrated aqueous solution (Table S1). After one night at room temperature, the DGEVA, ELO and
NC-514 formulations led to a rigid clear yellow material (DGEVAPE, Figure 3a), a flexible brown
material (ELOPE, Figure 3b) and a flexible dark brown material (CEPE, Figure 3c), respectively.
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Figure 3. Photos of a. DGEVAPE, b. ELOPE and c. CEPE.

Curing

The materials were dried 15 h in an oven at 60 °C and grinded into powders. The powders underwent
a curing step at 130 °C under vacuum to ensure complete drying and curing. The dry powders were
then pressed at 150 °C for 1.5 h to obtain the final materials.

FTIR revealed that the oxirane C-O-C stretching band at 915 cm™ for NC-514, 918 cm™ for DGEVA
(glycidyl ethers) and at 830 cm™ for ELO (aliphatic oxirane) were not visible on the final materials,
suggesting that all the epoxy function had reacted (Figures S1 to S3).

No residual exothermic phenomenon was visible on DSC thermograms and the T, of the materials
were stable at 115 °C, 12 °C and 25 °C for DGEVAPE, ELOPE and CEPE, respectively (Table 3 and



Figures S4 to S6). Thus, the materials were considered fully cured. As expected, DGEVAPE exhibited a
high T, due to the rigidity and high aromatic carbon content of DGEVA and the high crosslinking
density, whereas ELOPE had a relatively low T, due to the flexibility of the fatty chains of ELO. NC-514
which contains both aromatic cycles and aliphatic chains afforded a material (CEPE) with an
intermediate T,. The materials thus prepared cover a large range of T, and may be suitable to various
applications.

The gel contents of the materials were determined in THF. DGEVAPE, ELOPE and CEPE exhibited gel
contents values of 97, 89, and 71 %, respectively (Table 3). These results confirmed that these
materials were indeed crosslinked 3D networks. The swelling indices were 76, 186, and 219 % for
DGEVAPE, ELOPE and CEPE respectively.

Table 3. Physicochemical main properties of Vm-RvOH

Material Epoxy EEW Tg (°C) To Max tan & E's E'x Gel Swelling
(g/eq) (°c)® (°C) (GPa)® | (MPa)° content index
(%)° (%)°
DGEVAPE 269 115 83 121 4.4 6.5 9742 76%2
ELOPE 191 20 39 60 1.2 1.2 89+1 18610
CEPE 448 25 22 41 1.6 1.9 71+1 219+14
2 determined as the maximum of EZ  °at—50 °C “at175°C Yin THF

Mechanical characterizations

The thermomechanical properties of the materials were determined by DMA (Table 3 and Figures S7
to S9). The T, was determined as the maximum of E”, at 83, 39 and 22 °C for DGEVAPE, ELOPE and
CEPE, respectively. Two subvitreous modes (B and y mechanical relaxations) are visible below T, for
DGEVAPE. A deconvolution of the E” curve was performed with a sum of three Gaussian curves to
determine T,. The value for DGEVAPE is far from the T, determined by DSC. This is likely due to the
breadth of the transition from the glassy to the rubbery states (Figure S7). Similarly, the relatively
broad transition for ELOPE can explain the difference between T, and T,. For CEPE, the values of T,
and T, are consistent with each other. Taking into account the broad transition observed for
DGEVAPE, the storage modulus values on the glassy plateau and rubbery plateau were taken at — 50
°C and +175 °C, respectively, to compare the three materials. The moduli on the glassy plateaus were
4.4, 1.2 and 1.6 GPa for DGEVAPE, ELOPE and CEPE, respectively. This trend was expected as it
follows the aromatic carbon content. The moduli on the rubbery plateaus were 6.6, 1.2 and 1.9 MPa,
respectively. For a similar matrix, the value of the modulus on the rubbery plateau evolves with the
crosslinking density. Here, the polymers have very different structures, thus the values are a
combination of these factors and no clear trend can be observed.

HO HO
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Figure 4. Exchange in the polymer network by phosphate transesterification.

HO

The materials are networks of B-hydroxy phosphate triesters. Hydroxyl groups can engage into
transesterification with the phosphate esters inducing exchanges in the network. This exchange




happens upon heating and leads to the reshaping capability of the materials (Figure 4). Stress
relaxation experiments were performed to characterize the dynamic behavior of the materials. The 3
materials DGEVAPE, ELOPE and CEPE fully relaxed the stress applied above their T, (Figure 5). The
stress-relaxation curves obtained at different temperatures were fitted with a Kohlrausch-Williams-
Watts equation. The relaxation times at 130 °C were 894, 242, and 238 s for DGEVAPE, ELOPE and
CEPE, respectively. The long relaxation time of DGEVAPE is not surprising as the transition to the
rubbery state for this material was very broad, and extended up to 170 °C. Thus, at 130 °C the stress
relaxation is hindered by the alpha relaxation mobility. The relaxation times twww oObtained were
plotted in an Arrhenius diagram and the flow activation energies, E,, were calculated from the slope
for each material (Table S2).
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Figure 5. Stress-relaxation experiments results on a. DGEVAPE, b. ELOPE and c. CEPE. d. Arrhenius diagram of the T
determined from Kohlrausch-Williams-Watt fits for each material, and determination of the flow activation energies.

These E, values were 77, 67, and 104 kJ.mol™ for DGEVAPE, ELOPE and CEPE respectively.
Activation energies depend on the exchange reaction,” which is the same in the materials
reported here, on the polymer matrix** and on the mobility at the local scale.** The
network of CEPE is looser due to the high EEW, so one would expect the activation energy to
be lower.*” The high activation energy might thus be due to the relatively low density of
exchangeable bond compared to the other networks presented here.*’ The dangling fatty
chains might also play a role as a plasticizer*® and keep the exchangeable bonds apart. This
hypothesis could also explain the slight difference between the activation energies of
DGEVAPE and ELOPE.Thermal and flame retardant properties

Phosphorus-free counterpart materials of DGEVAPE, ELOPE and CEPE, (called DGEVACE, ELOCE and
CECE, respectively) but based on citric acid were prepared and examined to highlight the influence of
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phosphorus in terms of flame retardant (FR) properties. Citric acid was chosen because it is a short
trifunctional carboxylic acid, and should thus lead to crosslinking density relatively close to that
imparted by phosphoric acid (Table 2). The thermal properties of the materials were first assessed by
TGA under nitrogen (Table 4 and Figure S13). The temperatures at 5 % weight loss were measured at
234, 219, and 298 °C for DGEVAPE, ELOPE and CEPE, and 277, 239 and 305 °C for DGEVACE, ELOCE
and CECE, respectively. A single step of decomposition was observed for phosphorus-free
counterpart materials and for DGEVAPE contrary to CEPE and ELOPE materials. The temperatures at
the maxima of the TG derivatives (Tyma) Were 403, 413 and 452 °C for DGEVACE, ELOCE and CECE.
DGEVAPE exhibited a single Ty max at 317 °C, while for ELOPE and CEPE two maxima were visible at
280 and 454 °C, and at 351 and 483 °C, respectively. The decrease of Tysy for the phosphorus-
containing materials compared to phosphorus-free ones is due to the lower stability of the O=P-O
bond compared to C-C bond. The phosphate groups first decomposed and during this step, they
increased the crosslinking carbonization that prevented further decomposition of the epoxy resin.
For CEPE and ELOPE, the second degradation step is the aliphatic chain decomposition (Figure $13).*
Thus, the residues at 700 °C represented 49 wt% for DGEVAPE, 26 and 23 wt% for ELOPE and CEPE,
when for DGEVACE, ELOCE and CECE the residues were 16, 2 and 3 wt%, respectively. The first
difference of residue yields between the two families (phosphorus-containing and -free materials) is
explained by the phosphorus action. The second main difference in residues between aliphatic and
aromatic compounds is explained by the interaction of phosphorus and aromatic groups, resulting in
polyaromatic char.” The better residue yield for ELOPE compared to CEPE is the result of the high
phosphorus ratio in this material (9.2 wt% vs 4.3 wt%). Such increase of the residue on phosphorus-
containing materials clearly points out its FR efficiency in condensed phase, and the high
performance of both materials made with DGEVA is likely due to their high aromatic carbon content,
and the high cross-linking density.”* Indeed, the aromatic content in CECE is not sufficient to favor
the char formation, as the crosslinking density is lower than in DGEVACE.

Table 4. Main thermal properties of Vm-RvOH

Material P ratio Tasw% T4 max Residue (char)
(wt9e)’ (°0)° (°0)° (wt%)™*
DGEVACE 0 277 403 16
DGEVAPE 6.8 234 317 49
ELOCE 0 239 413 2
ELOPE 9.2 219 280 and 454 26
CECE 0 305 452 3
CEPE 4.3 298 351 and 483 23

? determined as:

P ratio (wt%) number of P X M(P) el .
ratio = ,i = elemen
1AW Y.;number of atoms of i X M(i) l

® sread on the TG derivative 4 s T — under nitrogen atmosphere C° 700at ©

Flame retardancy were investigated to evaluate the effect of the phosphate esters crosslinking nodes
on this property. Table 5 summarizes the data obtained from PCFC analyses and the heat release rate
(HRR) vs temperature curves are presented in Figure 6.
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The curves (Figure 6) showed a strong influence of the phosphate on the FR properties. The peak of
heat release rate (pHRR), the total heat release (THR), the energy of combustion (EHC) as well as the
residue are important parameters to determine the ability of a material to provide flame retardant
properties. First, a fuel release at lower temperature was observed for phosphorus-containing
materials compared to phosphorus-free ones. It comes from the early stage of decomposition for
phosphorus groups which leads to fuel emission at lower temperature. This decomposition released
phosphoric species resulting in high level of charring. The pHRR of the DGEVAPE material was
107.9 W.g", 70 % lower than DGEVACE (364.3 W.g"), with a decrease of the associated temperature,
highlighting the early decomposition of phosphate species and the charring effect. Moreover, the
ELOPE and the CEPE materials exhibited two pHRR. Those results were consistent with the TGA
analysis: one or two peaks were observed corresponding to the decomposition steps. Moreover, the
first pHRR could be attributed to the phosphoric acid parts decomposition. That is why the first peak
of ELOPE exhibited a value of 125.2 W.g™ (slightly higher value due to the phosphorus ratio in the
material) and the first peak of CEPE showed a value of 109.3 W.g™ which was in the same range as
the DGEVAPE peak. Then, the second pHRR could be mainly ascribed to the decomposition of the
aliphatic chains of the network not able to create efficient charring. The effective heat of combustion
(EHC) values such as the total heat release (THR) decreased when phosphoric acid was used as
crosslinker for the material. The best result was obtained with DGEVAPE because of the absence of
aliphatic chains. In fact, these chains are unfavorable to char promotion and contain a high amount
of carbon, contributing to heat release. Additionally, the residue contents were consistent with the
char content measured by TGA.
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Figure 6: PCFC curves of the phosphate ester vitrimers DGEVAPE, ELOPE, CEPE and their carboxylic ester counterparts
DGEVACE, ELOCE and CECE.
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Table 5: PCFC results of the phosphate ester vitrimers DGEVAPE, ELOPE, CEPE and their carboxylic ester counterparts
DGEVACE, ELOCE and CECE.

Samples pHRR (W.g") | TatpHRR(°C) | THR (kl.g") Residue EHC (kl.g™)
content (wt%)
DGEVACE 364.3+2 397+3 16.620.2 9.1+0.6 18.3%0.2
DGEVAPE 107.945 317+1 4.4+0.2 49.4+3 8.7+0.2
ELOCE 268.3+10 407+8 23.5%0.7 1.4+0.6 23.8+0.6
ELOPE 125.249 28242 18.5+0.3 20.6%3 23.3+0.5
114.548 44543
CECE 331.3+7 45146 28.2+0.8 0.0+0.5 28.2+0.8
CEPE 109.3+10 34645 24.8+1 12.543 28.30.2
209.610 479%5

Cone calorimetry (Figure 7) provides important information on the fire behavior of a material.”* The
results of cone calorimeter tests are summarized in Table 6 and Figure 8 exhibits the associated
curves. Time to ignition (TTl) measures the time to achieve sustained flaming combustion at a
particular external heat flux. All the TTI were higher for the phosphorus-containing materials. Indeed,
DGEVACE exhibited a TTI of 77 s whereas DGEVAPE showed a 44% longer TTl of 117 s. Moreover, the
TTI of ELOPE and CEPE were 43 % and 37 % longer than those of ELOCE and CECE, respectively.
Despite a lower degradation temperature measured in TGA, phosphate materials exhibit a higher TTI.
This may be ascribed to the lower heat of combustion (EHC) of gases released by the decomposition.
Indeed, ignition occurs when a critical density of energy is reached, and this density depends not only
on the gases concentration but also on their heat of combustion.”® The rate of heat release (HRR) and
the total heat release (THR) are important parameters to characterize the fire performance of
materials. The introduction of phosphoric acid, a phosphate compound, has a strong influence on the
THR due to its ability to act in condensed phase. Indeed, the THR of DGEVAPE, ELOPE and CEPE were
63 %, 27 % and 50 % lower than those of DGEVACE, ELOCE and CECE, respectively. From these
differences, it is clear that both phosphorus and aromatics are active in improving properties.

The effective heat of combustion (EHC) was also lower for the phosphoric acid-based CANs compared
to the citric acid analogs. As expected, the residue contents were higher for the phosphoric acid-
containing materials than for the citric acid ones (Figure 7). This is particularly remarkable in the case
of DGEVAPE which residue content reached 44 % whereas it was only 2.6 % for DGEVACE. The
residue content values were consistent with the ones measured by TGA. The decomposition of
phosphorus species takes place in the first stage of degradation with the generation of radicals able
to initiate effective char entailed insulating effect. Indeed, phosphate functions are known to provide
a continuous protective carbon layer due to rearrangement and Diels-Alder reactions.>® This carbon
layer prevent heat and gas transfer between the gas and condensed phases.>>>°

The pHRR of DGEVAPE and ELOPE was close respectively to their carboxylic ester counterparts
DGEVACE and ELOCE. However, the pHRR of CEPE was half lower compared to CECE. An hypothesis
which may explain this result relies on the fact that cardanol possesses conjugated double bonds on
the alkyl chain, close to an aromatic cycle. In the presence of phosphoric acid, these double bonds
favor Diels-Alder reaction responsible for the charring is favored. This charring would protect more
efficiently the material against the combustion, which could explain the lower pHRR in the case of
cardanol-based materials.

12



Figure 7. DGEVACE (reference) a. before and b. after cone calorimeter analysis, and DGEVAPE (vitrimer) c. before and d.
after cone calorimeter analysis.

With all the parameters taken into account, the best fire retardancy results were obtained with
DGEVAPE and caused by the joint action of the high content of aromatic rings, the high cross-linking
ratio, and the presence of phosphate.
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Figure 8: Cone calorimeter curves of the phosphate ester vitrimers DGEVAPE, ELOPE, CEPE and their carboxylic ester
counterparts DGEVACE, ELOCE, CECE.

Table 6: Cone calorimeter results

Samples TTI(s) pHRR (kW.m™) THR (MJ.g™7) Residue EHC (MJ.Kg™)
content (wt%)

DGEVACE 7743 55049 18.2+0.4 2.6+0.3 18.7+0.4

DGEVAPE 117+4 50349 6.8+0.2 44.0+0.9 12.1+0.2
ELOCE 19+3 955+10 23.6%0.3 0.4+0.2 23.7+0.3
ELOPE 36+3 907410 17.340.3 21.8+0.5 22.1+0.4
CECE 3143 1090+12 15.5+0.2 0.1#0.1 15.5+0.2
CEPE 49+4 47749 7.7+0.4 22.6+0.6 9.9+0.5

Materials from epoxy mixtures

Crosslinked materials prepared from epoxy mixtures were investigated. Four materials were
prepared by reacting phosphoric acid with epoxy resin mixtures (Figure 9, and Table 7). Three
materials were prepared from binary mixtures of epoxy: CardVan from NC-514 and DGEVA; VanELO
from DGEVA and ELO, and CardELO from NC-514 and ELO. The fourth material, CardVanELO was
prepared from an equimolar ternary mixture of NC514, DGEVA and ELO.

Table 7. Composition of vitrimers from epoxy mixtures

Sample

Mean EEW
(g/eq)

NC-514 (wt%?)

DGEVA
(Wt%°?)

ELO
(Wt%°?)

Acetone (wt%")
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CardVan 381 62 38 - 0
VanELO 237 - 59 41 50
CardELO 371 70 - 30 20
CardVanELO 340 49 29 22 20

? ratio of the epoxy compared to the total mass of epoxy ° quantity of acetone added relative to the
total mass of epoxy ©in THF

Figure 9. Pictures of vitrimers from epoxy mixtures. a. CardELO, b. CardVAn, c. VanELO, d. CardVanELO.

All 4 materials exhibited gel contents over 86 % (up to 97 % for Van ELO), which confirms that
crosslinked materials were obtained. The swelling indices of CardVan and VanELO (189 % and 85 %
respectively) were lower than those of CEPE (219 %) and ELOPE (186 %), confirming that DGEVA
densifies the polymer networks.

All materials exhibited a single T,, indicating homogeneity and the absence of phase segregation
(Figure S14). The T, of CardVan is 29 °C, the presence of DGEVA in the formula does not have a
significant effect compared to CEPE (T, = 25 °C). In VanELO this effect is also observed, as DGEVA is
the main component, but the T, remains low at 28 °C, and closer to ELOPE (20 °C). CardELO has a T,
of 38 °C, comparable to the value for CEPE (25 °C), which was expected as NC-514 is the main
component and the difference between the T, of CEPE and ELOPE is low (25 °C and 12 °C). Finally, the
T, of CardVanELO is 24 °C, which can also be expected as 71 % of the formula is composed of NC-514
and ELO giving a low T, compared to DGEVA.

Table 8. Main properties of vitrimers from epoxy mixtures

Sample Tasw | Tasow | Residue (char) | Swellingindex | Gel content Te

(°c’ | ey (wt%)*" (%) (%)° (°C)
CardVan 292 464 41 189+18 9212 29
VanELO 262 459 44 85111 97+1 28
CardELO 282 458 23 204120 8612 38
CardVanELO 281 445 31 141+16 8812 24
2 under nitrogen atmosphere  C° 700at ° in THF ©

TGA under nitrogen of CardVan revealed that the temperature of 5 % weight loss at 292 °C is close to
the value of CEPE (298 °C) which is the main component, and higher than the value for DGEVAPE
(234 °C). VanELO has a higher Tysy at 262 °C than the two corresponding single-component materials.
Interestingly, the residue at 700 °C for CardVan and VanELO are 41 and 44 %, close to the value of
DGEVAPE (49 %) and much higher than the values for CEPE and ELOPE (23 % and 26 %).
Comparatively, the value for CardELO is close to both CEPE and ELOPE, at 23 %. As expected, the
mixture of DGEVA to other epoxy seems to increase significantly the char content of the materials
obtained. CardVanELO exhibits mean properties between the three monoepoxy materials with a Tysy
of 281 °C and a residue of 31 %.
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Stress-relaxation experiments were performed at 150 °C on each of these 4 materials. They all
relaxed the stress applied, as their three monoepoxy-derived counterparts (Figure 10).

1

CardELO
—eo— VanELO
—a— CardVan
—&— CardVanELO

O LA | T T rvrrrrrg T T LI L | T T T rvrrrrg T T

Time (s)

Figure 10. Stress-relaxation experiments on epoxy mixtures vitrimers at 150 °C.

Conclusion

Biobased vitrimers were synthesized from three biobased epoxy monomers derived from vanillin,
linseed oil and cardanol. Phosphoric acid was used as the hardener to prepare networks of
trifunctional phosphate esters. The reactivity of phosphoric acid towards epoxy was studied on
model molecules by *H and *'P NMR. The kinetics of the different types of epoxy functions were also
compared and showed that internal and terminal aliphatic epoxides are respectively 1.4 and 8 times
more reactive compared to glycidyl ether epoxides. The material derived from vanillin exhibited a
high T, due to the its high aromatic carbon content, contrary to the aliphatic material made from
linseed oil and the material prepared from cardanol containing both aromatic cycles and aliphatic
chains. Thanks to the transesterification reaction on phosphate esters and the presence of hydroxy
groups in the material, the materials exhibited dynamic properties and could be reprocessed by
compression molding without any catalyst. However, ELOPE exhibited a sensitivity to moisture and
hydrolysis and flowed after several weeks, which could hinder its use for durable applications.
DGEVAPE and CEPE appeared much more resistant to moisture, as they did not flow after over a year
without any storage precaution. The high phosphate content, but also a high ratio of aromatic groups
for the vanillin-based vitrimer, conferred strong flame retardancy properties to the materials, due to
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the formation of an insulating char layer during the combustion, limiting the heat flow in the
materials. The synthesis of such phosphate vitrimers is straightforward and readily scalable, and the
DGEVA could be mixed with ELO and NC-514 to improve the flame retardancy properties, while
keeping a relatively low T,. Such materials could find applications in flexible halogen-free fire-
retardant polymers.

Experimental Section

Materials

9,10-epoxyoctadecane (purity not specified), 1,2-epoxydodecane (= 90 %) and phenyl glycidyl ether
(= 99 %) were purchased from Sigma-Aldrich. DGEVA was obtained from Sherwin-Williams (Eposir
VANDGE batch RE1086B) and kindly supplied by DIAM Bouchage SAS. Epoxydized cardanol NC-514
was supplied by Cardolite. Epoxydized linseed oil Merginat ELO was supplied by Hobum
Oleochemicals GmbH. Phosphoric acid (85 % in H,0), citric acid (99 %) and deuterated chloroform
(99.8 %) were supplied by Sigma-Aldrich. Acetone (= 99.8 %) was supplied by Carlo Erba. Deuterated
acetone (99.8 %) was supplied by Eurisotop.

Synthetic Procedures
Mono-epoxy vitrimers

The EEW of the epoxy resins were determined by 'H NMR following the procedure described by
Dorsey et al.”’ (Supporting Information Part B) DGEVA and ELO were diluted in 20 % and 50 % of
acetone, respectively. Phosphoric acid (85 % aqueous) was added to NC-514 or the solutions of
DGEVA or ELO at a 1:1 epoxy/OH ratio. The mixtures were stirred manually until they were
homogeneous (clear) and then were cast in silicone molds. The mixtures were left overnight under a
fume hood to slowly evaporate the acetone and allow the polymerization. The materials were then
left 16 h at 60 °C under vacuum in an oven, and then 16 h at 130 °C to evaporate acetone and ensure
complete polymerization.

Vitrimers from epoxy mixtures

The epoxy resins, and acetone whenever necessary, were mixed in a planetary mixer for 90 s at 3,000
rom. The resulting homogeneous mixtures were then immediately reacted with the adequate
amount of phosphoric acid to obtain a 1:1 epoxy/OH ratio and the same curing process as the
previous materials was applied, one night at 60 °C and one night at 130 °C under vacuum.

Citric acid-crosslinked reference materials

Non-phosphate reference materials (Table 2) were prepared following the procedure described by
Williams et al.*® Citric acid was dissolved in a minimum amount of water at 90 °C. This aqueous
solution was mixed with the epoxy at 90 °C for at least 10 min until the initially blurry medium
became translucent. The medium was poured in silicone molds and cured 6 h at 90 °C, then
overnight at 120 °C.

Instrumentation

NMR: 'H NMR were acquired on a Bruker Avance 400 MHz spectrometer at 23 °C. External reference
was tetramethylsilane (TMS) with chemical shifts given in ppm. Samples were diluted in 0.5 mL of
CDCls.

Kinetics study of the epoxy reactivity: 30 to 35 mg of epoxy were dissolved in 0.25 mL of CDCl;. 10
equivalents of dibutyl phosphate were mixed in 0.25 mL of CDCl;. The epoxy and the phosphate
solutions were quickly mixed together in a test tube with a vortex, transferred into an NMR tube,
which was then placed into the NMR spectrometer as fast as possible, and the NMR data acquisition
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was started. The disappearance of the peaks associated to the epoxy function was followed with
time by "H NMR.

Kinetics study of the phosphoric acid reactivity: 30 mg of phosphoric acid (85 % aqueous solution,
25.5 mg H;P0O,, 0.26 mmol, 1 eq) was mixed with 0.25 mL of deuterated acetone. 1 mL of phenyl
glycidyl ether (1.109 g, 7.38 mmol, 28 eq) was mixed with 0.25 ML of deuterated acetone. The two
solutions were quickly mixed together in a test tube with a vortex, transferred into an NMR tube,
which was then placed into the NMR spectrometer as fast as possible, and the NMR data acquisition
was started. The reaction was followed by *'P NMR.

FTIR: FTIR spectra acquired on a ThermoScientific Nicolet iS50 FT-IR equipped with an attenuated
total reflectance cell (ATR). The data were analyzed using the software OMNIC Series 8.2 from
Thermo Scientific.

Swelling Index and Gel Content: 40 mg of each material was immersed in 10 mL of THF for 24 h with
stirring at 200 rpm. The swollen materials were weighed, then dried for 24 h in an oven at 80 °C
under vacuum. The dry materials were weighed. The measure was done in triplicates and the values
of swelling index and gel content are the average of the 3 measures.

The swelling index (SI) was calculated using equation (1), where m, is the mass of the swollen
material and m; is the initial mass. The reported Sl are average values of three samples.

si="2"T 01000 (1)

my

The gel content (GC) was calculated using equation (2), where mj is the mass of the dried material
and mj is the initial mass. Reported GC are average values of three samples.

GC = 2 x 100 (2)

my

Mechanical characterizations: Relaxation experiments were performed on a ThermoScientific Haake
Mars 60 rheometer equipped with a Peltier heating cell and using a textured 8-mm plane-plane
geometry. A5 N axial force was applied for DGEVAPE and a 1 N axial force was applied for ELOPE and

CEPE. A 1 % torsional strain was applied on 8 mm in diameter and 2 mm thick circular samples, and
the rubbery modulus evolution with time was monitored.

DMA: Dynamic Mechanical Analyses were carried out on Metravib DMA 25 with Dynatest 6.8
software. Elongational solicitation of samples (2 x 3 x 10 mm?®) was performed while heating at a rate
of 3 °C min~! from -80 °C to 180 °C, keeping the frequency at 1 Hz.

TGA: Thermogravimetric thermograms were recorded on a Netzsch TG 209F1 Libra instrument under
a 40 mL.min™" nitrogen flux. Approximately 10 mg of sample were used for each analysis. Ramps from
20 to 700 °C were applied at a rate of 20 °C min™.

DSC: Analyses were carried out using a NETZSCH DSC200F3 calorimeter. The calibration was
performed using adamantane, biphenyl, indium, tin, bismuth and zinc standards. Nitrogen was used
as purge gas. Approximately 10 mg of sample were placed in perforated aluminum pans and the
thermal properties were recorded between -50 °C and Tg,4-10 °C at 20 °C min™. The reported values
are the values measured during the second heating ramp.

Reprocessing: The materials were grinded with a manual stainless steel coffee grinder. The powders
were then pressed under a 6 tons load in a PTFE mold for 2 h at 150 °C for DGEVAPE and for 45
minutes at 120 °C for ELOPE and CEPE, using a Carver 3960 manual heating press.

18



Pyrolysis combustion flow calorimeter analysis

Fire behavior of vitrimers was analyzed using a pyrolysis combustion flow calorimeter (PCFC). About
3-4 mg were placed in the pyrolyzer, undergoing an increase of temperature from 20 °C to 750 °C at
a rate of 1 °C.s™ under a nitrogen flow. Pyrolytic gases were sent to a combustor heated at 900 °C
under air flow (N,/O, = 80/20). At this temperature and with 20 % of oxygen, combustion was
considered to be complete. HRR was determined according to oxygen depletion (Huggett's relation)
as cone calorimeter test. PCFC analyses correspond to anaerobic pyrolysis followed by high
temperature oxidation of decomposition products (complete combustion). > All samples were tested
in triplicate. The EHC (effective heat of combustion) is the heat released in relation to the quantity of
volatile products between the TTI and the extinction time, and mathematically represents the total
heat released divided by the loss of mass in the same time.

Cone calorimeter test

Flammability was studied using a cone calorimeter in order to investigate the fire behavior of the
samples. The samples dimensions were 100x100x3 mm?. All the samples exhibited a weight of 45 g +
2 g. The samples were placed at 2.5 cm below a conic heater and isolated by rock wool. The samples
were exposed to a 35 kW.m™ heat flux in well-ventilated conditions (air rate 24 L.s™) in the presence
of a spark igniter to force the ignition. Heat release rate (HRR) was determined by oxygen depletion
according to Huggett principle (1 kg of consumed oxygen corresponds to 13.1 MJ of heat released)®.
Peak of Heat Release Rate (pHRR) is the maximal value of the heat release rate. The total heat
released (THR) was obtained by integration of HRR curves. All samples were tested in triplicate.
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