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SYNTHESIS AND THERMO-MECHANICAL
CHARACTERIZATION OF VANILLIN-BASED
POLYBENZOXAZINES WITH COMPLEX ARCHITECTURE

Madalina-loana NECOLAU?, Daniel GRIGORE?, Cristina STAVARACHE?,
Jana GHITMAN?, Elena luliana BIRU®", Horia IOVU®

Bio-based benzoxazine monomers with complex architecture were developed
by reacting natural occurring phenols vanillin and eugenol with paraformaldehyde
and branched polyethyleneimine. The chemical structure of the synthesized monomers
was characterized by FT-IR and *H-NMR spectroscopy while the formation of the
oxazine ring along the macromolecular backbone of oligomeric PEI reactant was
proved by GPC. The resulting monomers exhibited low polymerization temperatures
in the range of 166-218°C as shown by DSC analysis. The corresponding
polybenzoxazines were further characterized in terms of thermal and mechanical
properties by employing TGA and nanoindentation methods while the surface
characteristics were evaluated through Contact angle measurements.
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1. Introduction

Polybenzoxazines, as a new versatile class of thermoset resins are widely
known due to numerous unique properties such as dimensional stability, chemical
resistance, increased char yield, low flammability, hydrophobic character, low
shrinkage, and superior mechanical properties [1]. In contrast with their reduced
crosslinking density, the increased values for Tg results as a consequence of the
extensive hydrogen bonding network assembled between pendant hydroxyl groups
of the polymeric backbone [2]. Advantageously, three-dimensional
polybenzoxazine networks can be easily obtained by thermal activated ring opening
polymerization of oxazine monomers without the support of any catalyst [3].
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The versatility of polybenzoxazines reside in the remarkable molecular
design flexibility based on which limitations such as brittleness and elevated curing
temperatures can be tailored. Over the last years, the development of new bio-based
polymeric polybenzoxazines employing various natural reactants such as guaiacol
[4], vanillin [5], eugenol [6], cardanol [7], furfuryl amine [8], salicylaldehyde [9] have
encouraged the researchers to extent the applicability of thermoset materials
towards a sustainable development of the industrial field.

Vanillin and eugenol are natural occurring phenols which have recently
become an attractive resource for the development of numerous polymeric
materials [10,11]. These aromatic compounds decorated with a methoxy group in
ortho position have resembling chemical structures which however differentiate
through the functional groups present on the para position of the aromatic ring thus,
vanillin has a free formyl group while eugenol has an allyl group.

Over the last years, several bio-based benzoxazine were developed
employing these natural phenols. Periyasamy et all. [12] have synthesized vanillin
and eugenol based benzoxazines with polymerization temperature similar with the
commercial petrol-based resins and the authors have successfully demonstrated the
participation of the functional groups from the phenolic structure in the crosslinking
process. Up to now, based on the rich existing library of natural reactants,
polybenzoxazines with interesting features such as antifouling [13], flame-retardant
[14], anticorrosive [9] and superhydrophobic properties [15] were developed as an
alternative to the petroleum-based thermosets. However, there are still some
deficiencies such as high polymerization temperatures, and brittleness that need to
be improved.

Recently, Nebhani group [16] expanded the library of nitrogen enriched
polybenzoxazine structures by employing eugenol and polyethyleneimine
structures as raw materials showing that the polymerization process takes place
slightly above 200°C. However, the effect of the para-alkyl and alkoxy substituents
of the phenolic structures on the thermo-mechanical properties of the thermosets
needs to be further investigated as they highly influence the crosslinking process.
In this study, plant-based phenols such as vanillin and eugenol were employed in
the synthesis of bio-based benzoxazine monomers in order to develop renewable
polybenzoxazines and moreover, the influence of the naturally occurring phenolic
chemical structure on the thermal and mechanical properties of the final materials
was thoroughly investigated.

2. Materials and methods
2.1 Materials

Eugenol (=98%) (Eu); Vanillin (=98%) (V); Paraformaldehyde, powder
95% (PFA); Polyethyleneimine, branched average Mn 600~g/mol by GPC (PEI);
sodium hydroxide >97.0% (NaOH), pellets and chloroform were used as received
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from Sigma Aldrich, and magnesium sulfate anhydrous was purchased from Alfa
Aesar. All the compounds were used without further purifications.

2.2 Methods

'H NMR spectra to confirm the chemical structure of synthesized monomers
were acquired using CDClIs as a solvent on a Bruker Advance 11l HD 600 MHz
spectrometer, corresponding to the resonance frequency of 600.12 MHz.

Complementary to *H NMR, The Fourier Transform Infrared Spectrometry
(FT-IR) spectra were measured with a Bruker VERTEX 70 spectrometer in total
attenuated reflection mode (ATR) by employing a Ge crystal while 32 scans were
recorded per spectrum at a 4 cm™ resolution in the 400-4000 cm™* domain.

The molecular weight and polydispersity index of the benzoxazine
monomers were evaluated through Gel Permeation Chromatography (GPC) on a
Rapid HPLC System - Jasco LC4000 system equipped with a PSS column (TSK
gel G3000HHR; 7.8 mm I.D. x 30 cm; detection limit 60 000 Da) using a flow rate
of 1 mL/min at room temperature with Tetrahydrofuran (THF) as eluent and
polystyrene (PS) as standard.

Non-isothermal Differential Scanning Calorimetry (DSC) thermograms
were recorded on a Netzsch 204 F1 Phoenix equipment. Monomer samples with a
mass around 10 mg were subjected to heat with a rate of 10°C/min in aluminum
crucibles from room temperature to 300°C in a nitrogen flow rate of 20 mL/min.

Thermogravimetric analyses (TGA) were performed on a TG 209 F1 Libra
instrument by heating the samples with a heating rate of 10°C/min in the
temperature range 20-700°C under nitrogen atmosphere (20 mL/min) by using a
Platinum/Rhodium crucible.

Contact angle measurements under static conditions were done on a
DSA100E (KRUSS GMBH) equipment by employing Sessile drop method. Water
and ethylene glycol drops with a volume of ~2 pLL were deposited on the thermoset
samples at room temperature and the reported results comprise the average of three
measurements by using Young Laplace fitting method.

The mechanical properties at microscale expressed as micro-elastic
modulus (E) and micro-hardness (H) were evaluated by nanoindentation using a
Nano Indenter G200 system, through the method of continuous stiffness
measurement (CSM).

3. Results and discussions
3.1 The synthesis of bio-based benzoxazine monomers

As shown in Fig. 1, two bio-based benzoxazine monomers namely Eu-PEI-
Bz and V-PEI-Bz were synthesized by Mannich condensation reaction between
eugenol and vanillin as natural phenolic reactants, paraformaldehyde, and PEI . For
each benzoxazine monomer, 5.7 g (37.5 mmol) of vanillin and 6.15 g (37.5 mmol),
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respectively of eugenol as naturally derived phenolic compound, 2 g (2.5 mmol) of
PEI and 2.25 g (75 mmol) of paraformaldehyde in excess were reacted for 8 h at
70°C employing chloroform as solvent. The crude product was then cooled to room
temperature and subjected to purification by filtration. Then the organic layer was
washed several times with 0.1M NaOH solution and deionized water. After that,
the product was dried over anhydrous MgSOs, and the solvent was removed under
pressure leading to viscous products with a reaction yield around 72%.
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Fig. 1. The synthesis reaction pathways for VV-PEI-Bz and Eu-PEI-Bz bio based
benzoxazine monomers

3.2 Benzoxazine monomers polymerization

To assess the thermo-mechanical properties of the synthesized thermosets,
the monomers were subjected to thermal activated ring opening polymerization.
Firstly, the V-PEI-Bz and Eu-PEI-Bz monomers were heated at 50°C for 24h under
reduced pressure to remove the residual solvent and at the same time to reduce the
formation of micro voids within the material. After that, the monomers were step
cured in a convection oven by gradually increasing the temperature from 80 to
120°C within 5 hours.

3.3 FT-IR and 'H NMR spectroscopy

The chemical structure of bio-based benzoxazine monomers was confirmed
by FT-IR and *H-NMR analysis. As shown in the FT-IR spectrum from Figs. 2 and
3, the typical signal for the benzene ring attached to the benzoxazine functionality
is present on each spectrum for both V-PEI-Bz (900 cm™) and Eu-PEI-Bz (916 cm”
1Y monomers. The asymmetric stretching vibration of the C-O-C group from the
oxazine ring was recorded at 1222 cm™ for both monomers [5] and the symmetric
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and asymmetric stretching vibration of the C-N-C group were recorded for V-PEI-
Bz at 1089 cm™ and 1585 cm™ and for Eu-PEI-Bz at 1150 cm™ and 1593 cm™.

The weak absorption signal between 2830-3032 cm™ marked on each
monomer spectrum is assigned to the CH> alkyl groups from the oxazine ring and
the CH aromatic groups. However, there is a slight difference between the two
monomers. In the case of eugenol-based benzoxazine monomer, the intensity is
higher may be due to the presence of the allyl functionalities from the para position.
Apart from that, the absence of any signal characteristic for the phenol functionality
in the region of 3000-3200 cm™ confirms the success of the condensation reaction.

The synthesis of the benzoxazine monomers was further confirmed through
'H-NMR and the spectra are depicted in Fig. 2 and 3.
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Fig. 2. FT-IR and *H NMR analysis for V-PEI-Bz

Both monomers, V-PEI-Bz and Eu-PEI-Bz display characteristic signals for
benzoxazine structure at ~3.9 ppm (Ar-CH2-N) and ~4.8 ppm (O-CH>-N). In the
case of Eu-PEI-Bz, the signals from ~5.9, ~5.1 and ~3.3 ppm are assigned to the
protons from the characteristic allyl functionality of eugenol [17]. The formyl group
from vanillin backbone display resonance at ~9.8 ppm. For both monomers, the
methoxy group signals from ~3.9 ppm overlaps with the benzoxazine characteristic
peak from the same region.
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Fig. 3. FT-IR and *H NMR analysis for Eu-PEI-Bz monomer

The resonance signal at 2.5-3 ppm defines the characteristic protons of the
structural unit of the amine reactant (PEI) and the signals for the aromatic protons
can be noticed around ~6.5-7 ppm for both monomers. Moreover, the percentage
for closed oxazine ring functionalization was determined from the *H-NMR spectra

by the subsequent equation:
1

Ring content (%) = —2—x 100 [18]

r.1

4 2

where | is the integrated intensity of the methylene protons of O—-CH>-N group in
the benzoxazine ring and I’ is the integrated intensity of the ethylene protons of N-
(CH2)n-N. Thus, the *H-NMR data showed that only 28% of the available primary
amine groups from the PEI structure were converted into oxazine rings (Table 1).

3.4 Differential scanning calorimetry (DSC) and Gel permeation
chromatography (GPC)

The curing behavior for Eu-PEI-Bz and VV-PEI-Bz monomers was analyzed
using Differential Scanning Calorimetry and the corresponding thermograms are
represented in Fig. 4. Both monomers are viscous at room temperature and no
melting transition was recorded thus, both thermograms exhibit one single
exothermic peak in the temperature range of 166-218°C. The low curing
temperature (Table 1) recorded for the Eu-PEI-Bz may be a consequence of the
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participation in the crosslinking process of the allyl group present in the chemical
structure of the phenol employed.

Vanillin and Eugenol are both ortho-methoxy-para-substituted phenols with
resembling chemical structure. Despite that, when converted into reactive
monomers, the properties of each compound are different due to the only difference
between them. Eugenol has an allyl group in the para position while vanillin has a
formyl group. It was already proven that benzoxazines synthesized from p-
substituted phenols with electron withdrawing groups [19] tend to polymerize at
lower temperature.

As depicted by the DSC thermograms from Fig. 4, eugenol-based
benzoxazine monomer polymerizes at a significantly lower temperature in
comparison with vanillin monomer. We can assume that a possible synergistic
effect exerted between the allyl group and the multiple amino functionalities may
catalyze the ring opening polymerization reaction which takes place at a
considerably lower temperature as compared with various eugenol-based
benzoxazine monomers existing in the literature (200-260°C) [20,21].

Although the formyl group from vanillin structure tends to undergo
decarboxylation reaction, its influence over the polymerization process is not
significant thus in this case only the aldehyde groups are involved in the
crosslinking process of the novel benzoxazine monomers.

However, there is a significant difference between the maximum
temperature for the ring opening polymerization reaction which can be ascribed to
the different chemical structure of the phenolic reactants [22]. Previous studies have
demonstrated that a low curing enthalpy can be associated with a reduced
concentration of oxazine functionality [23]. The lower concentration of oxazine
functionalities may be a consequence of the oligomeric nature of PEI thus, the long
backbone of the amine reactant can induce a dilution effect over the polymerization
reaction. Polyethylene imine also possesses numerous primary, secondary and
tertiary amine groups from which it is widely known that only primary amines
participate in the oxazine ring formation.

The reduced content of benzoxazine groups may be a consequence of a
steric hinderance effect exerted by the branched architecture of the
polyethyleneimine reactant which could hinder the phenols to form benzoxazine
functionality along the macromolecular chain [24] as shown also by the *H-NMR
results. Furthermore, the molecular weight of the new bio-based monomers was
evaluated through GPC and the corresponding values are listed in Table 1.
Considering the Mn for PEI 600g/mol it can be assumed that for each monomer, an
average of 6-7 oxazine functionalities were formed along one structural unit of PEI.
These results are in agreement with the DSC analyses, where the reduced curing
enthalpy denoted a low amount of benzoxazine rings.
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Fig. 4. DSC thermograms of bio-based benzoxazine monomers

Table 1

Curing reaction characteristics monitored through Differential scanning calorimetry and
Molecular weight determination for bio-based benzoxazine monomers

AH Tmax Mp Mn Mw la(My/ | Oxazine ring

Sample @Qlg) | C) | (g/mol)™ | (g/mol)* | (g/mol)* | My)* | content (%)™
Eu-PEI-Bz | 72.62 | 217.6 2239 1915 2214 1.08 28.2
V-PEI-Bz | 75.28 | 166.3 2227 1905 2199 1.08 28.7

* Determined by GPC according to polystyrene standards ** from 'H-NMR results

3.5 Thermogravimetric analysis (TGA)

The thermal stability of the cross-linked benzoxazine resins along with the
decomposition behavior were determined through thermogravimetric analysis
under nitrogen atmosphere and the corresponding parameters are listed in Table 2.

As it can be seen form the thermograms depicted in Fig. 5, both monomers
exhibit a multiple stage and broad degradation process. This fact can be attributed
to the additional functionalities such as methoxy, allyl and aldehyde groups present
on the phenolic reactants. However, V-PEI-PBz has a significant reduced thermal
stability in comparison with its eugenol based analogous due to its aldehyde
functionality which suffer decarboxylation reactions during heating [5]. The broad
allure for the TGA curves denotes that for both polybenzoxazines resins the thermal
degradation occurs with a slow rate [25]. The thermal degradation in the interval
corresponding to the mass loss for Taq10% IS attributed to the chain scission of the
ethylene units from PEI reactant backbone [5].

Both monomers display the main degradation step at temperatures above
250°C and the weight loss in this interval is due to the Mannich base degradation
along with the breaking of the crosslinked network [5].
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The limiting oxygen index (LOI) is a parameter that determines the flame
retardancy characteristics of a material. This can be calculated by employing the
char yield from TGA with the help of the Van Krevelen and Hoftyzer equation:

LOI = 17.5 + 0.4[CY] [26]

Both bio-based thermosets possess a char yield around 31.8-32.4 which
determines LOI values ~30. These parameters suggest that the synthesized
thermosets display self-extinguishing properties and can be used as fire-retardant

materials.
100 +

90 +
80—-
70-
60—-
50

40 -

Weight (%)

30+

20 4

10 4 Eu-PEI-PBz
| —v-PEI-PBZ

0

T T T T T T T T T T T T 1
100 200 300 400 500 600 700
Temperature (°C)
Fig. 5. TGA thermograms of crosslinked biobased benzoxazines under N, atmosphere

Table 2
Thermal stability parameters obtained for crosslinked bio-based thermosets
Char o
Sample TazwC) Tas06C) | Ta10%¢C) yield (%) LOI Tmax(°C)
Eu-PEI-PBz 2274 240.9 263.0 318 30.2 | 278.9 | 365.0
V-PEI-PBz 143.6 163.0 200.5 324 30.5 | 296.8 | 374.6

3.6 Nanoindentation measurements

The nanoindentation technique was used to evaluate the nanomechanical
properties such as hardness, stiffness, and elastic modulus of the final bio-based
polybenzoxazine materials. In comparison with the classical mechanical tests,
nanoindentation technique represents a more suitable and precise method to
evaluate the properties of a thermoset which may present structural defects such as
micro voids after curing which can further affect the overall performances of the
final materials [27]. Young’s modulus (E) and hardness (H) were calculated based
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on the load versus displacement curves according to the Oliver—Pharr method [28]
and the average values for these parameters are presented in Fig. 6.

As it can be clearly noticed, there are significant differences in terms of
mechanical features between the two biobased polybenzoxazines as the only
structural difference between the synthesized thermosets derives from the para
substituents of the phenolic groups.

The superior properties in terms of hardness and stiffness encountered in
the case of eugenol-based polybenzoxazine may be a consequence of the
supplementary participation of the allyl functionality in the monomer's
crosslinking process. During the polymerization, the CH,=CH active group from
eugenol structure may form covalent bonds as triggered eighter by temperature or
by the numerous active species present in the system leading to a more stable
network in terms of mechanical properties.

Nevertheless, the formyl substituent present in the case of vanillin-based
benzoxazine will generate an increased number of hydrogen interactions upon
curing which are less stable in comparison with covalent interactions. Not only this
may be the reason for poor nanomechanical features but also the chemical
instability of the formaldehyde group over the polymerization temperature range
which may form structural defects within the material through decarboxylation
reaction that will further alter the mechanical features.
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Fig. 6. Nanomechanical properties of biobased polybenzoxazines

3.7 Contact angle measurements (CA)

The surface characteristics were evaluated with the aid of contact angle
measurement by using water and ethylene glycol as probing liquids and the
corresponding results are presented in Table 3. The high content of polar
functionalities located on the PEI backbone such as primary and secondary amines
along with the OH groups formed through ring opening polymerization strongly
affects the wetting properties of the bio-based thermosets which consequently
exhibit a hydrophilic character.
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The slight shift towards hydrophobic behavior observed in the case of V-
PEI-PBz (Fig. 7) represents a consequence of the presence of the formyl group from
vanillin structure which leads to intra and intermolecular hydrogen [29] bonding
formation during polymerization, thus improving the surface characteristics of the
final materials. The high density of hydrogen bonds formed in the crosslinked
network of polybenzoxazine resins usually determines low surface free energy
values and such values are associated with hydrophobic surfaces [17].

Table 3
Static contact angle values obtained for bio-based polybenzoxazines
Sample CA water (°) CAEG (®) Surface free energy (mN/m)
Eu-PEI-PBz 73.34 (¥2.92) 41.29 (£2.94) 38.49
V-PEI-PBz 77.99 (£2.84) 53.12 (¥1.07) 31.06
a) b)
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Fig. 7. Contact angle measurements of a) EU-PEI-PBz and b) V-PEI-PBz using water as
probing liquid

4. Conclusions

The present study addressed the synthesis of new bio-based benzoxazine
monomers grafted on branched polyethyleneimine backbones by employing natural
phenolic reactants. Moreover, the study approached the differences brought by the
functional groups that differentiate the chemical structures of the naturally derived
eugenol and vanillin phenols.

It was shown that the curing characteristics of each monomer are strongly
dependent on the chemical structure of the phenolic reactant. The final eugenol and
vanillin based polybenzoxazines exhibited lower curing temperatures and superior
nanomechanical properties. Both thermosets exhibit high char yield along with
increased values for LOI parameter and therefore the synthesized bio-
polybenzoxazines could be successfully employed as fire-resistant materials.
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