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Abstract

Polybenzoxazines are very interesting phenolic resins that are obtained from ring-opening
polymerisation (ROP) of benzoxazine monomers. However, commercially available resins such as
bisphenol A-aniline benzoxazine (BA-a) have found limited industrial applications, partly imparted to
its high ROP temperature. To tackle this limitation, we designed a 2-substituted benzoxazine monomer
bearing a phenol, Ph-fa[2]PhOH, that was obtained by different methods of solvent-free and
environmentally friendly synthesis, such as ball-milling and bladeless planetary mixing. The phenol
functionalisation leads to a high reactivity, thanks to an hydrogen-bond activation of the oxazine ring.
Ph-fa[2]PhOH displayed one of the lowest ROP temperature ever reported (ca. 160 °C) and a low
activation energy (E,) of 40-70 kJ.mol? as determined by Vyazovkin kinetic method. The high reactivity
of this monomer was advantageously exploited for the reduction of ROP temperature of the
commercial BA-a benzoxazine. By studying the curing process by non-isothermal DSC after different

polymerisation stages, a formulation containing 10 wt% of our new monomer with BA-a precursors,



we were able to evaluate its acceleration effect. In addition, we showed that Ph-fa[2]PhOH was able
to improve the T, of the crosslinked network by 10 °C, and the char yield by 10 %, leading to a

significant improvement of the properties of commercial BA-a resin.

Introduction

Polybenzoxazine is a recent class of phenolic thermoset, based on the ring-opening polymerisation
(ROP) of 1,3-benzoxazines structures. Usually synthesized from a phenol, a primary amine and
formaldehyde, they have been foreseen to be used in a wide range of applications such as
high-performance composites,! space radiation shields,®> porous polymers for CO, capture,?

heavy-metal extraction from water® or even shape-memory or self-healing polymers.®

Environmental impact has become an important concern for chemists, as it is reflected by the “ten
chemical innovations that will change our world” selected by IUPAC, most of them driven by
sustainability.® A lot of efforts have been made in order to synthesize benzoxazine monomers from
renewable resources,” using mild or more sustainable conditions. For instance, biobased
polybenzoxazines were obtained from phenols such as eugenol,® cardanol,® vanillin,*® or biobased
amines such as furfurylamine,!! stearylamine,*? many of those examples were summed up by Salum et
al. in their research article'? and recently reviewed. In addition, more energy-efficient and low-waste
monomer synthesis methods have shown their efficiency in order to get new benzoxazine monomers,

such as solvent-free microwave heating,'* ultrasound irradiation®® or ball-milling.*®

Most of the synthetic pathways leading to polymerisable 1,3-benzoxazines use formaldehyde or
paraformaldehyde as a reagent. Yet formaldehyde is classified as a carcinogenic compound and its
substitution is being investigated in order to reduce health hazards, especially by limiting the
formaldehyde emission in the indoor environment.!” Recently , Ohashi et al. were the first to report
the polymerisation of 2-substituted benzoxazines,’® where benzaldehyde was used in place of
formaldehyde. Later, Pereira et al. demonstrated that aliphatic aldehydes such as valeraldehyde was

also suitable to obtain 2-substituted benzoxazines.? They also showed that ortho formylation of a



phenol, e.g. cardanol, was an efficient route to obtain phenolic compounds suitable for 2-substituted
benzoxazine synthesis. In our previous articles, we showed that the use of aromatic dialdehydes was
also an interesting pathway to obtain high performance polybenzoxazine, with high char yields.2>%!
Other differently substituted 1,3-benzoxazines are also able to polymerise, and can be obtained

without the use of formaldehyde, as shown recently by several groups.?>?

However, if these new benzoxazine monomers have shown very similar properties as formaldehyde-
based ones, they also suffer from the same processing limitations as polybenzoxazine chemistry. The
monomers have high melting points and their polymerisation requires high temperatures (>200 °C).
The addition of curing accelerators or catalysts has been investigated for oxazine-ring unsubstituted
monomers (i.e. 1,3-benzoxazine), such as m-phenylenediamine-formaldehyde oligomers,?* salts such
as cerium salts,?® LiBr, Nal,?® organocatalysts such as methyl p-toluenesulfonate?’, p-toluenesulfonic
acid, 2-ethyl-4-methylimidazole,?® or amines,?®?® metal-organic frameworks,3® etc. It has also been
demonstrated that the catalyst type has an effect on the polymer structure.3! Of note, the acceleration

of benzoxazine polymerisation has been reviewed recently.?

Benzoxazine monomer chemical design is also of great importance. For instance, the number of
oxazine rings,**34 the influence of their relative positions?>* or the formation of benzoxazine oligomers
has an effect on polymerization behaviour.3® Substituents attached to any of the constitutive moieties
of benzoxazine also have an influence on the polymerisation temperature. Several articles emphasize
this effect, especially the role of electron-withdrawing para substituents on the phenol, that lower the
polymerisation temperatures.?’3° Other chemical moieties have an influence on the ring-opening
polymerisation. For instance, it has been shown that the presence of a carboxylic group has a catalytic
effect on the ring-opening of benzoxazine, and that such monomers have low polymerisation
temperatures.®*** The use of this type of monomer in formulations along with benzoxazines with a
high polymerisation temperature is beneficial for the reduction of polymerisation temperatures. The

concept of using a comonomer that has a catalytic effect is desirable, since the comonomer is included



in the network and, to a certain extent, does not have detrimental influence on the structure and
properties of the thermosets. Actually, carboxylic acid-containing benzoxazine networks tend to have
lower thermal stability and lower char yields due to early decarboxylation.** It shall be noted also that
lower ROP temperature can also be observed for monomers containing phenolic methylenol moieties,

and other hydroxyl moieties.*>*®

Among the functional moieties that provide low polymerisation temperature, the presence of free
phenol moieties on benzoxazine monomers have also shown some interest. First, it has been
demonstrated that phenols do have an effect on the ROP of benzoxazine, by simply mixing phenols
and benzoxazine monomers.***->1 Consequently, several research groups designed benzoxazine
monomers bearing a phenolic hydroxyl group and observed that such functional group generates low
polymerisation temperatures. For instance, Lin et al. synthesized 4-DOPO-1,3-benzoxazine
diastereomers that were bearing a phenolic moiety, that presented high melting points around 238 °C,
and that showed an exotherm after the melting endotherms.>? This behaviour reflects the high
reactivity of such monomer, since it actually does not display a stable liquid state. In another paper,
Lin et al. synthesized a monomer bearing two phenolic hydroxyl groups, with a melting temperature
of 143 °C and an onset of polymerisation at approx. 165 °C.> The direct polymerisation after melting
has been observed for nearly all the phenol-containing benzoxazine monomers.>*>° Among those very
reactive benzoxazine monomers, some present the lowest polymerisation temperatures of all
benzoxazine structures. They are thus very desirable, especially since they can be used as comonomers

with high temperature polymerising benzoxazines, in order to lower the whole ROP process.>%%°

Following our commitment to the preparation of formaldehyde-free benzoxazine, we herein extend
the concept of highly reactive phenol-containing benzoxazine to 2-substituted structures. In order to
meet sustainable chemistry criteria, we report herein new synthetic methods to obtain 2-substituted
1,3-benzoxazines by vibrating ball-milling or by planetary mixing, without using problematic solvents

regularly used for such syntheses, such as toluene, dioxane or chloroform. We thus synthesized a



formaldehyde-free benzoxazine monomer containing a phenol group, and its structure was
characterized by NMR spectroscopy, FTIR and XRD. Then, the polymerisation behaviour of this
benzoxazine was assessed by non-isothermal DSC, and activation energies were determined using
Vyazovkin method. Commercially available benzoxazine based on bisphenol A and aniline (BA-a) has
found limited applications partly because of its high polymerisation temperature (>200 °C). By taking
advantage of its high reactivity, our new monomer has been studied as a potential curing accelerator
for the BA-a benzoxazine. The influence of this comonomer on the thermal stability and thermo-

mechanical properties of the resulting materials has been assessed.

Experimental

Materials

Para-hydroxybenzaldehyde was purchased from Sigma-Aldrich. Cyclohexane, Acetone, Methanol,
Toluene and Ethyl Acetate were purchased from VWR. Deuterated solvent was purchased from
Eurisotop. Furfurylaminomethylphenol was synthesized according to our previous work.?* Commerecial

BA-a benzoxazine was obtained from Huntsmann under the trade name Araldite MT 3600.

Ball-milling was performed using a Retsch MM400 vibrating ball-mill, using 15 mL stainless steel jars,

with three 7 mm stainless steel balls, operating at 25 Hz.

Planetary mixing was performed using a Hauschild SpeedMixer DAC 400.2 VAC-P, in 60 mL
polypropylene disposable cups. Cycles of 10 min were used at the maximum speed of 2500 rpm at

atmospheric pressure.

Characterization
Nuclear Magnetic Resonance (NMR) spectroscopy was performed using a 400 MHz Bruker Advance
NMR spectrometer. Calibration of chemical shift was performed using residual non-deuterated solvent

traces. Conversion (C) was calculated by eq. (1), considering the approximation that only the desired



product is formed during the reaction. Integration values of the aldehyde (Ha) and of the aza-acetal

proton (N-CHAr-O) were respectively noted | (Ha) and | (Hs).

I (Ha)

CElTrmo r iy

(1)

Fourier Transform Infrared (FT-IR) spectroscopy was performed on a Bruker Tensor 27 in ATR
configuration, equipped with a RT-DLaTGS detector and KBr beam splitter. A resolution of 4 cm™ was

chosen, and each sample analysis was performed using 32 scans, from 4000 to 600 cm™.

Single-crystal X-ray diffraction experiment was performed using a Bruker D8 Venture diffractometer
(Incoatec 1uS 3.0 Mo micro-source, MoK, radiation, Photon Il CPAD detector), at a temperature of
-100 °C. The compound was recovered as regularly shaped pale-orange crystals. A small platelet (0.22
x 0.21 x 0.11 mm) was selected using a stereomicroscope equipped with a polarizing filter and checked
for singularity before X-ray diffracted intensities were measured. The Apex software suite® was used
for data collection and processing, and the SHELX programs for structure solution and refinement.583
Statistical tests on the diffracted intensities clearly indicate centrosymmetry for the structure found in
the monoclinic P21/n centrosymmetric space group. Reflections up to 6 = 39.8° were considered to
determine the unit cell parameters and the multi-scan method (SADABS) was applied to correct
absorption effects. A set of 3793 unique reflections is used in the final full-matrix least-squares
refinement on F?, with anisotropic displacement parameters for all non-H atoms. Except for the
phenolic H-atom, detected in the final Fourier difference and freely refined, generated H-atoms are
refined using a riding model with isotropic displacement parameters equal to 1.2 times the Ueq of the

parent atom.

Differential Scanning Calorimetry (DSC) : For the study of single crystals and the curing kinetics of the
monomer, DSC was performed using a Netzsch F200 Maia DSC using high pressure stainless steel

crucibles, sealed with gold seals. The calibration was performed using several standards (indium,



biphenyl, CsCl, bismuth). All measurements have been performed under a 70 mL-min nitrogen flow.
Unless specified for curing kinetics, DSC was performed at 10 °C-min’, from ambient temperature to
350 °C. For the determination of polymerisation exotherms, integration was performed using the
Proteus software from Netzsch, using a straight baseline starting from the right part of the curve. Thus,
the approximation was made that the exothermic peak started where the straight baseline crossed the

DSC curve, after the melting endotherm.

For the study of BA-a, blends of BA-a with Ph-fa[2]PhOH, DSC was performed on a TA Instruments 2920
using sealed low pressure aluminium crucibles. Calibration was performed using Indium. All
measurements were performed under a 88 mL-min? nitrogen flow. Measurements were performed
from ambient conditions to 350 °C, at 10 °C-min. Conversion of polymerisation reaction was
calculated according to the eq (2), considering the total heat of polymerisation of pure monomers or
their blends, with AH; the residual enthalpy of a formulation after curing step i and AHi: the total

enthalpy of uncured formulation determined by non-isothermal DSC.

C= AH; @
AHyo;

Rheology : Rheology experiments were performed on an Anton Paar rheometer, equipped with an
oven. Parallel plate disposable geometries were utilized, with a 8 mm diameter. Experiments were

performed at 10 °C-min’! ramp, from 50 to 300 °C, with a 1 % deformation at 1 Hz.

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q50 TGA, at 10°C/min from
ambient temperature to 800 °C, under a 60 mL-min™ nitrogen or air flow. Monolithic samples of ca.

10 mg were analysed.

Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800 DMA, at a frequency

of 1 Hz, a heating rate of 3 °C-min‘., using a single cantilever clamp (17.5 mm length). Measurements



were performed under air, from ambient temperature to 280 °C. Rectangular shaped materials were

used, with dimensions I x w x t of ca. 2.5 cm x 0.6 cm x 1.5 mm.

Non-isothermal curing kinetics were performed according to Vyazovkin method,* and following the
ICTAC Kinetics Committee’s recommendations.®® All the detailed methods were published elsewhere.®®

Data were generated using 5 different heating rates, namely 5, 7.5, 10, 12.5 and 15 K-min™.

Synthesis

The synthesis of the benzoxazine monomer  4-(3-(furan-2-ylmethyl)-3,4-dihydro-2H-
benzo[e][1,3]oxazin-2-yl)phenol (abbreviated Ph-fa[2]PhOH) was performed according to the
three-step method already reported starting from salicylaldehyde and furfurylamine. The detailed
procedures of the first and second step were already reported in our previous paper.?
Furfurylaminomethylphenol was then reacted with para-hydroxybenzaldehyde in solution or in

solvent-free conditions according to the following procedures, and as depicted in Scheme 1.

In solution:
Typically, in a 50 mL round-bottom flask, 501.4 mg (2.5 mmol, 1 eq) of furfurylaminomethylphenol and
300.5 mg (2.5 mmol, 1 eq) of p-hydroxybenzaldehyde are introduced. Then, 20 mL of methanol are
added. The clear solution is then refluxed, and reaction is followed by NMR spectroscopy until no

evolution is observed. Reaction was followed for 24 hours and product was not isolated.

By ball-milling:
In stainless steel ball-mill reactors, 62.2 mg (0.31 mmol, 1 eq) of furfurylaminomethylphenol and
37.5 mg (0.31 mmol, 1 eq) of para-hydroxybenzaldehyde were introduced, with 3 stainless steel balls
of 7 mm diameter. Frequency was set at 25 Hz and milling time was varied. When varying the reactant

ratios, the total weight of reactants was kept equal to ca. 100 mg. Product was not isolated.



By planetary mixing:
Ina 60 mL polypropylene container, 3.00 g (14.7 mmol, 1 eq) of Furfurylaminomethylphenoland 1.80 g
(14.7 mmol, 1 eq) of para-hydroxybenzaldehyde were introduced. The speed was set to 2500 rpm, and
the maximum mixing time of 10 minutes was repeated until the reaction media solidified (4 cycles).
Recrystallisation was performed by solubilization of the product in a mixture of cyclohexane and ethyl
acetate (80/20 v/v), heated at reflux. After returning to room temperature, the solution was stored at
6-8 °C until crystallisation occurred. Crystals were obtained in one of the experiments. After

recrystallisation, the product yield was ca. 55%.

4-(3-(furan-2-ylmethyl)-3,4-dihydro-2H-benzo[e][1,3]oxazin-2-yl)phenol (Ph-fa[2]PhOH) : NMR H
(400 MHz, DMSO-ds) & (ppm) : 9.49 (br's, 1H), 7.60 (dd, 1H, 3)=1.8 Hz, 4J=0.9 Hz), 7.31 (d, 2H, 3)=8.7 Hz),
7.15 (td, 1H, 3J=7.4 Hz, *)=1.7 Hz), 6.98 (dd, 1H, 3)=7.5 Hz, *J=1.4 Hz), 6.91 (dd, 1H, 3J=8.2 Hz, *J=1.1 Hz),
6.84 (td, 1H, 3)=11.1 Hz, *J=1.2 Hz), 6.77 (d, 2H, 3)=11.1 Hz), 6.40 (dd, 1H, 3)=3.2 Hz, *J=1.8 Hz), 6.29 (dd,

1H, 3J=3.2 Hz, *J=0.8 Hz), 5.92 (s, 1H), 3.87 (d, 1H, 3J=16.9 Hz), 3.72 (d, 1H, 3)=15.5 Hz), 3.71 (s, 2H).

NMR 3C (400 MHz, DMSO-dg) 6 (ppm) : 157.20, 153.15, 152.01, 142.62, 128.73, 127.77, 127.73,

127.66, 120.49, 119.41, 116.12, 115.17, 110.43, 108.47, 89.61, 46.07, 45.92.

Samples curing

Neat BA-a and blends of benzoxazines were cured in homemade rectangular shaped moulds, designed
with Teflon-glass composite sheets. Degassing was performed at 80-90 °C, under vacuum, for as long
as necessary (typically 20-45 mins). Then, curing procedure was performed in a Memmert UF260 Plus
programmable oven. Optimized curing program was 2h at 150 °C, 2h at 180 °C, and 1h at 220 °C.

Samples were placed in the oven at the degassing temperature at the beginning of the curing program.



Results and discussion

OH
0. /( j
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0

Ph-fa[2]PhOH
Scheme 1 - Synthetic scheme for the production of Ph-fa[2]PhOH

Ball-milling versus solution synthesis of 2-para-hydroxyphenyl benzoxazine

The formation of benzoxazine monomers usually proceeds via the condensation between amine,
phenol and aldehydes, which leads to the formation of an oxazine ring. When performing the reaction
with another aldehyde than formaldehyde, the main method reported for now involves the reaction

18,19,2367-69 | order to obtain

between an aminomethylphenol and the aldehyde compound.
2-substituted benzoxazines, the most reported method implies that the condensation occurs in two
distinct steps. First, the primary amine is condensed with salicylaldehyde to furnish the corresponding
imine. Second, the imine is reduced and then condensed with the substituted aldehyde. The use of a
Dean-Stark apparatus with dehydrating solvent such as toluene can be used for this latter step.
However, in our case, most probably due to the poor solubility of the aldehyde in toluene, the reaction
was incomplete. The reaction was also performed in a protic and polar solvent, methanol, in view of
having a better solubilisation of the reagents, including the aldehyde. Conversion attained 55 % after
3.5 h in refluxing toluene but did not improved after 7 h of reaction. Similarly, 50 % conversion was
attained as a plateau after 4.7 h in refluxing methanol. Low conversion of reagents is an important
drawback for the study of benzoxazine monomers, since it usually requires high purity monomers.”
Thorough monomer purification on low conversion crudes could drastically reduce the monomer yield.

We thus decided to investigate reaction conditions that would beforehand improve the reagents

conversions.



The use of reaction conditions that are tolerant to heterogeneous mixtures was thought to be useful
in our case. Ball-milling was used as an attempt to make the compound react in solvent-free conditions,
since both homogeneous and heterogeneous mixtures with solvents failed to reach high conversions.
In addition, Martina et al. already demonstrated that a wide range of benzoxazine design can be
obtained via ball-milling.X® In our case, ball-milling the reactants at ambient temperature for 2 hours
led to conversions up to 86 %. Conversion was determined by NMR spectroscopy in deuterated
DMSO-de. In order to ensure that the reaction did not occur during solubilisation in deuterated solvent,
reagents were solubilized in DMSO-ds without being milled together before. Shortly after, a *H NMR
spectra was acquired and showed no reaction occurred (Figure S1). All together, these results
confirmed that formaldehyde-free benzoxazines can be synthesized by a solvent-free method, and that
no oligomerization occurred during the milling. It is also noteworthy that the reaction proceeded at
low temperature (slightly above ambient temperature due to light self-heating of the reactors during

milling), contrary to other solventless procedures reported in the literature that required heating.

14,19,71,72

Ball-milling is an advantageous synthesis process that does not require solvent or additional heat.”
However, at the laboratory scale, less than 1 g of product could be obtained in one pot. In view of
scaling up our process, we envisioned using a planetary mixer. Planetary mixers use centrifugal force
to obtain homogeneous mixtures of viscous liquids or solids. Contrary to planetary ball-mills, bladeless
planetary mixers do not work with beads inside reactors, and are easily scalable to the kilogram scale.
Since the planetary mixer that was used in this study is not refrigerated, the duration of a mixing cycle
was limited to 10 minutes, to prevent any excessive heating of the machine. NMR analysis of the crude
reaction mixture was performed to monitor the conversion and to determine the optimal number of

cycles to reach the highest possible conversion.
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Figure 1 - 1H NMR analysis of the benzoxazine formation during planetary mixing, in dmso-ds. Each cycle represents a 10

minutes mixing step at 2500 rpm.

As it can be observed in Figure 1, after the first step of reagent mixing, a peak at ca. 5.9 ppm appears
(denoted as “Hy”), corresponding to the formation of the aza-acetal moiety. While keeping the integral
value of this signal constant, we can observe after each mixing step a relative decrease of the aldehyde
peak of p-hydroxybenzaldehyde at ca. 9.8 ppm (denoted as “H,”), showing the consumption of this
reagent. After four cycles of 10 minutes at 2500 rpm, a stiff solid was obtained in the disposable
reaction cup. Conversion attained a maximum of 78 %, corresponding to the solidification of the
reaction mixture, which we assume prevented further stirring of the mixture. Yet, in order to obtain
the thermal properties of the monomer, a high purity is required, since the presence of impurities
influences the polymerisation characteristics.”® Recrystallisation could be performed using a mixture

of cyclohexane and ethyl acetate, and afforded single crystals of the desired product in high purity,



one of which was characterized by X-ray diffraction, as described below. After recrystallisation,

Ph-fa[2]PhOH was isolated in 52 % yield.

Monomer characterizations

H and 3C NMR spectroscopies have been used to characterize the new benzoxazine monomer
Ph-fa[2]PhOH. On 'H NMR spectra (Figure 2-a) and Figure S2), the characteristic peak of 2-substituted
benzoxazine is N-CHAr-O singlet at 5.9 ppm (proton denoted “c”). Aromatic protons located on the
phenol moiety attached to the oxazine ring are doublets at 7.3 and 6.8 ppm (protons denoted “k” and
“f”). Methylene protons are overlapping between 3.7 and 3.9 ppm, and appear as doublets, as
described before (protons denoted “a”, “b” and “b’”).”* On 3C NMR, the signal of the carbon N-
CH(PhOH)-0O of the oxazine appears at 89.61 ppm while the signals of the methylene carbons appear
at 45.92 and 46.07 ppm. Full spectra are shown in Figure S2-3. The attribution was also supported by
an APT (attached proton test) experiment, shown in Figure S4. These signals are consistent with other

2-substituted benzoxazines reported previously.2%2%23
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Figure 2 - Characterizations of Ph-fa[2]PhOH : a) 1H NMR spectrum, b) FTIR spectrum zoomed on 2500-3500 cm™ and
600-2000 cm regions, c) Ortep representation of the C19H1;,NO3 molecule (asymmetric unit) with the ellipsoids drawn at
50 % probability.

The monomer was also characterized by FT-IR spectroscopy (Figure 2-b, complete spectrum Figure S5).
Characteristic bands of benzoxazine are observed, with two sharp signals at 936 and 953 cm™. Some
previously reported structures displayed several bands in the same region.?>?® We can also observe
Ar-O-C bands from the heterocycle at 1020 and 1223 cm™. It is also noticeable that a broad band

corresponding to free hydroxyl group is observed at 3150 cm™.

In addition, since we were able to obtain benzoxazine single crystals (see picture Figure S6), we were
able to determine the full 3D structure of the monomer in its solid state. Table 1 reports the main
crystal data and refinement parameters. The asymmetric unit, a molecule of formula CisH17NOs is
represented in Figure 2-c drawn with ORTEP-3 for Windows.” The symmetry of space group P 21/n
generates four molecules in the monoclinic unit cell (a = 8.9115(6), b = 18.9555(13), ¢ = 9.6086(8) A,

6 =104.430(3) °). As the asymmetric unit contains one asymmetric C atom (C1, displaying the S



configuration), the unit cell, therefore, contains both enantiomers of the molecule. The oxazine ring
conformation can be assessed with the dihedral angle of 44.6(7) ° measured between the plane passing
through C1, N, and C8 atoms and the mean plane through atoms C1, C2, C7, C8 and O1. Note the latter
only deviates by 2.45(5) ° from the mean plane passing through the atoms (C2 to C7) of the benzene
ring. Similarly, the furan and phenolic rings form between them a dihedral angle of 75.78(4)°, and their
relative position with respect to the benzene ring is measured by dihedral angles of 32.30(5) and
46.28(4)°, respectively. Atomic coordinates, bond length, angles, and anisotropic displacement
parameters are given in Tables S1-4. Complete data can be found in the CIF file, freely available with
the CCDC number 2161734 at the Cambridge Crystallographic Data Centre.”® The molecules are
arranged in the crystal with their largest dimension approximately aligned along the b unique axis of
the monoclinic cell as can be seen in Figure S7. The molecular packing is stabilized by intermolecular
hydrogen bond type interactions 03-H---N (2.821A) and, to a lesser extent, by longer interactions of
3.267A at the C12-H---01 atoms. These interactions give rise to a sort of layered arrangement of the
molecules in diagonal planes parallel to (10 1), Figure 3. Literature usually reports the presence of
hydrogen bonding to explain the higher reactivity of benzoxazine structures containing free phenolic
moieties. However, these bonds are often assessed by NMR spectroscopy, in solution. >*°¢ In our case,
the interaction O3-H-::N in the solid state is also in favour of an intermolecular hydrogen bond. It is
also supported by the fact that polymerisation occurs directly after melting. The ability of
1,3-benzoxazines to polymerise is related to the particular conformation of the heterocycle. A certain
ring tension is deduced from the different bond length and angles. Especially, around the nitrogen
atom of oxazine, C1-N-C8 angle is 108.46(8) °, C1-N-C9 is 112.02(8) ° and C8-N-C9 is 110.82(8) °. Some
of these sp® hybridization bond angles are larger than normal (109.75 °). The 01-C1 bond is longer than
the phenolic 01-C2 bond (respectively 1.448(1) A and 1.374(1) A), and regarding N-C bonds, the intra
oxazine N-C8 and N-C1 are respectively 1.480(1) and 1.462(1) A long, comparable to N-C9 bond of
1.484(1) A that is the 2-substitution. These length and angles correspond to similar structures reported

in the literature, either furfurylamine based structures or 2-substituted structure.”””® These structural



characterizations further confirm that 2-substituted structures are not different than 1,3-2H
benzoxazines, but might offer even more functional sites. It is also consistent with recently reported

2,4-substituted structure.?

Table 1 - Data collection parameters at 173 K and structure refinement details

Formula CisH17NO3 (Z = 4)
M, g-mol? 307.33
Calc. density, g-cm™ 1.299

System, space group

Monoclinic, P 21/n

Unit cell, A, °

a =8.9115(6), b = 18.9555(13)

¢ =9.6086(8), 8 = 104.430(3)

Volume, A3

1571.9(2)

Collected/unique reflections

25779/3793 [Rint= 0.0349]

Completeness to 0 =

99.8
25.242°
Data/parameter ratio 3793 /212
Goodness-of-fit on F? 1.036

[all data]
Final indices

R1=0.0394, wR2 = 0.1033

[1>20(1)]

R1 =0.0460, wR2 = 0.1067

Extinction coefficient

0.0051(13)

Largest peak and hole, e.A3

0.251 and -0.202




Figure 3 - The molecular packing in the crystal, viewed along the monoclinic b-unique axis The intermolecular interactions
are drawn as dashed lines, green for the 3.267 A weak 01--C12 interactions and orange for the O3---N hydrogen bonds of
2.8214

Curing behaviour of the monomer
Non-isothermal DSC was performed on the pure monomer in order to assess the polymerisation

behaviour (Figure 4-a). Using a heating rate of 10 °C-min’, a melting endotherm is observed with a
maximum at 141 °C, and the polymerisation exotherm is observed just after, with no baseline between
both thermal events. This very low thermal ROP is one of the lowest reported yet in the literature. The
polymerisation signal appears as a bimodal peak, with two successive maxima around 160 °C and
190 °C. The enthalpy of the exotherm at 10 °C-min?tis 327 J-g, corresponding to 100 kJ-mol™?. This
characteristic bimodal exothermic signal is often observed for furan-containing benzoxazines, with or
without substitution on the 2-position.2>#7° |n fact, only one broad signal is generally seen.>58%%2 Tota|
enthalpy is also in the upper tier compared to other furan-containing structures, showing a very high
reactivity of the monomer. For comparison, Zhang et al. obtained a naringenin and furfurylamine

based monomer displaying a polymerisation with a peak temperature (T,) of 166 °C.>® A comparable



structure using aniline as the amine displayed a T, of 180 °C.>* Regarding the effect of oxazine-ring
substitution, recently Mukherjee et al. reported enthalpies of 40 kl-mol? for Ph-fa, 70 kJ-mol? for
Ph-fa[2]Ph, compared to the pendant benzylamine with 8 kJ-mol? for Ph-ba and 13 kJ-mol? for
Ph-ba[2]Ph from our previous work.2%% Our new monomer thus shows a very good polymerisable
ability compared to previously reported substituted structures. It is also worth mentioning that the
ROP behaviour of single crystals and polycrystalline form is very similar, with a shift to lower

temperatures of polycrystalline monomer (of ca. 7 °C), as shown in Figure S8.
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Figure 4 - a) DSC thermograms of Ph-fa[2]PhOH at different heating rates and b) Activation energy of Ph-fa[2]PhOH

In order to obtain more information on the polymerisation of the monomer, we performed
non-isothermal kinetics, using Vyazovkin method.® The method is an integral method based on DSC
thermograms at multiple heating rates (Thermograms are shown in Figure 4-a and integrals in
Figure S9). The computational details can be found in our previous articles.®®® This method allowed
us to obtain the activation energy (E,) as a function of the conversion (a). As shown in Figure 4-b, there
is nearly a continuous increase of E, as the conversion increases. However, several regimes can be
observed. First, when a < 0.25, there is an increase in Eq from 40 to 60 kJ-mol™. Then, the Eq increases
from 60 to 70 kJ-mol™ for 0.25 < a < 0.85. For a > 0.85 the E, drops abruptly, these decreases are often
attributed to increasing experimental errors near completion of the reaction. Since exothermic signals

at the beginning and ending of the reaction are weak, there are more uncertainties related to the Eq



calculations. The global values of the activation energy are relatively low for a monofunctional
benzoxazine, compared to what is found in the literature.?48® Since it is observed by XRD that phenolic
hydrogen of one molecule is close to the nitrogen atom of another benzoxazine molecule, this could

favour the ROP right after the melting of the monomer, leading to lower activation energies.

The two different regimes of the E4 (40-60 kl-mol™* and 60-70 kJ-mol?) are surely related to the two
overlapping peaks that are observed on non-isothermal DSC thermograms (Figure 4-a). The shift
between the two reactions happened for a = 0.25. The increase of E, is usually attributed to the

decreased diffusion of reactive species inside the growing network.

Curing acceleration study

The curing acceleration ability of phenol-containing benzoxazine has been reported several times in
literature.>>*®>” The basic principle is to blend a given monomer with a lower curing one (an
accelerator) to decrease the global polymerisation temperatures. For instance, Zhu et al. studied
blends of pyrogallol-based benzoxazines and p-phenylenediamine-phenol (P-ddm) benzoxazine.>®
They used up to 25 wt% of pyrogallol-based accelerators. Non-isothermal DSC revealed that the onset
of polymerisation was lower than in neat P-ddm but unfortunately the isothermal curing study did not
allow to reach the full curing of the systems. Ren et al. used a pyrogallol-furfurylamine based monomer
to accelerate the curing of BA-a, but they assessed the acceleration using only non-isothermal DSC.>’
If the blends showed a lower onset of polymerisation, the integral of curing exotherm clearly showed
that the full conversion was attained at higher temperatures than for the neat BA-a. The same curing
accelerator was used by Chen et al. for the acceleration of eugenol-stearylamine (E-s) benzoxazine.®’
In this paper, the authors clearly showed that the neat E-s still presented residual enthalpy after curing
at 180 °C and an additional step at 220 °C was required to reach full polymerization. Nevertheless, in
presence of 20 wt% of accelerator they were able to achieve full crosslinking of the system at 180 °C.
If non-isothermal DSC is useful to reveal the activation of ROP at lower temperature, showing that

these monomers are good ROP promoters, the acceleration should be demonstrated on a full curing



process, to our opinion. Otherwise, as it can be observed in some papers, these very reactive
benzoxazines only display an acceleration effect at the beginning of the ROP, and not on the full
crosslinking reaction. This effect is expected, since accelerating the initiation and propagation of the
ROP will lead to an earlier vitrification of the network, requiring sometimes to increase the curing

temperature, to ensure completeness of the reaction.
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Figure 5 - Non-isothermal DSC at 10 °C-min! of a) BA-a and b) its blend with Ph-fa[2]PhOH, after different isothermal
treatments

In order to assess the acceleration effect of our new monomer on the polymerisation of benzoxazines,
we first observed the curing behaviour of a mixture containing 10 wt% of our monomer in
commercially available BA-a benzoxazine by non-isothermal DSC at 10 °C-min’, and compared it with
neat BA-a. It can be observed that the neat BA-a presents a sharp exothermic peak, with the maximum
at 244 °C as expected and commonly reported in the literature (Figure 5-a). The blend with the
comonomer shows a larger exothermic signal, starting from ca. 120 °C, with a peak maximum at 207 °C
(Figure 5-b) highlighting the ability of the phenol-containing monomer to successfully lower the ROP

temperature of BA-a.

Blends of BA-a and Ph-fa[2]PhOH were then prepared and cured following increasing isothermal steps.
The conversion of reaction was assessed by non-isothermal DSC after each curing step by measuring

the residual enthalpy, in order to assess the effect of the designed comonomer. It can be observed



that after 2 h at 150 °C, the neat BA-a has a very low conversion (23 %), while the blend based system
reaches ca. 49 % conversion. After successive steps at 150 and 180 °C, the blend based system reaches
89 % conversion whereas the neat commercial benzoxazine only reaches 77 % conversion. Full

conversion for both thermosets is achieved with an additional post-cure step of 1 hour at 220 °C.

Additional rheology experiments were also performed to confirm the acceleration for the crosslinking
during the first stages of curing, as shown in Figure S10. Following the complex viscosity of both
formulations at 10 °C:min™t we can observe the effect of the addition of Ph-fa[2]PhOH. For both
formulations, viscosity drops in the 50-100 °C range, due to the gel transition of BA-a. A transient
regime is observed with a very low viscosity, under 0.1 Pa's, and as the temperature rises, an important
increase due to the ROP is observed. For the BA-a, the sharp increase of viscosity is observed around

240 °C, whereas for the formulation containing Ph-fa[2]PhOH, this increase happens 20 °C earlier.

These results show that the accelerating effect of the highly reactive monomer mainly occurs at the
beginning of the polymerisation. Among the assumption that can be drawn from these results, we can
postulate that a faster curing will lead to a diffusion-controlled regime earlier in the blend based
system, thus slowing down the reaction at high conversion. Complete curing must then proceed at
higher temperature, to overcome those limitations. In addition, the macroscopic observation of the
samples reveals that the phenol-bearing monomer might not be homogeneously dispersed in the BA-
a matrix (Figure S11). Thus, the optimal mixture at the molecular level might not be reached, and the
acceleration effect may not be optimized. Additional pictures in Figure S12 show that whether the
mixture is performed in solution (in methanol) or in melt (at degassing temperature), small clusters of
Ph-fa[2]PhOH are observed. Using a mortar and pestle to homogenize the powder even leads to bigger
clusters. These clusters could also reveal that taking advantage of a monomer which polymerizes right
after melting could negatively lead to an early phase separation, possibly due to the poor dispersion
of the Ph-fa[2]PhOH monomer. Better processes to obtain a fully homogenous mixture could improve

the results.



Thermomechanical properties

Dynamic mechanical analysis has been performed on rectangular shaped samples, and are shown in
Figure 6-a. These analyses have been performed under air atmosphere, from ambient temperature to
280 °C. The glassy storage modulus, at ambient temperature, was determined to be within 2.8-3.1 GPa
for both pristine and blended based systems. As it was expected from the literature, the BA-a sample
showed an elevated alpha-transition temperature (T,) near 180 °C, as determined from the maximum
of loss modulus. The blend based material exhibits a higher T,, at 190 °C which is a 10 °Cimprovement

with only 10 wt% additive while the glassy modulus remains in the same order of magnitude.

In addition, the rubbery storage modulus, as measured at T, + 60 °C, is increased by nearly a factor two
for the blended materials, reaching up 80 MPa. This quite high rubbery storage modulus suggests a
highly cross-linked structure. However, at the end of the analysis, the modulus rises for this material,
probably due to the beginning of degradation in air conditions at 3 °C-min? (c¢f thermal stability

discussed hereafter, at 10 C-min‘', under air).
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Figure 6 - Thermomechanical properties of cured samples. a) DMA under air at 1 Hz and at 3 °C-min-i, b) TGA under air at
10 °C-min’t, ¢) TGA under nitrogen at 10 °C-min‘!

Thermogravimetric analyses have been performed under air and under nitrogen. Under the oxidative
environment, shown in Figure 6-b, both samples have similar degradation pathways, approximatively
at the same temperatures. The Ph-fa[2]PhOH however shows a slightly higher Tq4ss%, and it was expected
since this structure has increased the aromatic content of the resin. At 800 °C, all the samples have
degraded. Under an inert atmosphere, as shown in Figure 6-c, degradation of the modified BA-a
happens at higher temperature, and only one weight loss is observed for both samples. At 800 °C
however, char yield is 10 % higher for the modified BA-a. This is also an important improvement of the
char formation, which can be explained by a higher aromatic density, but also the effect of the furan,

as it is now well established.>*8%°

Conclusion

The substitution at the 2-position of the oxazine ring has here demonstrated its usefulness in providing

another functionalization pathway for benzoxazine monomers. Ball-milling and planetary mixing have



been useful techniques to assess the feasibility of a solvent-free synthetic route, and to elaborate a
scalable synthetic procedure. Monocrystals were obtained and allowed for a complete elucidation of

the monomer spatial structure.

ROP kinetics were assessed by non-isothermal DSC. Again, we observed in this study a bimodal
exothermic signal, suggesting a two-steps mechanism of ROP. Vyazovkin kinetic computations helped
to quantify the activation energy of the two successive steps, being in the ranges of 40-60 k) mol™* and
60-70 kJ mol?, respectively. After, the study of the curing acceleration of BA-a with our newly
developed and very reactive monomer has been performed. If our monomer lead to a general decrease
of ROP temperature by 10 °C (maximum of exothermic DSC signal), the assessing of the acceleration
by means of residual enthalpy show than the monomer generally fails to purely speed up the reaction
under actual curing schedules (multi-steps isothermal). As observed generally in the literature, an
important reduction of the ROP temperature of the formulation does not necessarily lead to a full
acceleration of the crosslinking. It is also important to note that researchers did not always use residual

enthalpy to clarify whether or not the accelerating effect can be applied to industrial processes.

Nonetheless, the monomer successfully improves the thermomechanical properties of commercial
BA-a by increasing T, by 10 °C, and also char yield by 10 %, only by adding 10 wt% additive. These
results could represent a way to improve the properties of the commercial BA-a, and also give insight

on how to develop a real curing accelerator for high temperature ring-opening benzoxazines.
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