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Abstract:

Two types of structurally different benzoxazines (BF-abn and BZ-abn) have been developed
using bisphenol-F and bisphenol-Z with 4-aminobenzonitrile and paraformaldehyde through
Mannich condensation reaction under an appropriate’ experimental conditions. Molecular
structure of benzoxazine was confirmed by FPIR and "H-NMR spectral analyses. Cure
behaviour and thermal stability were studiediusing, differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) respeetively. The results from DSC analysis indicated
that these benzoxazines exhibit marginally lower polymerization temperature than that of
conventional benzoxazines. Further, the curing behaviour of both benzoxazine samples were
studied at two different heating rates viz. 10°C/min and 20°C/min to ascertain their heat
releasing properties. The formation of polybenzoxazine was confirmed by FTIR analysis after
the thermal curing through the cleavage of benzoxazine ring and subsequently led to the
formation of three dimensional cross-linked network structure. Results from TGA infers that
among the benzoxazines studied, poly(BF-abn) possess better thermal stability than that of
poly(BZ-abn). Further, the values of LOI calculated using char yield obtained at 850°C from
TGA for poly(BF-abn) and poly(BZ-abn) are 41% and 30% respectively. The values of water
contact angle obtained for poly(BF-abn) and poly(BZ-abn) are 138° and 140° respectively.

Both benzoxazine samples exhibit an excellent hydrophobic behaviour.
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Introduction

Polybenzoxazines are one of the most important and versatile classes of thermosetting high
performance resinous materials, which possess good thermo-mechanical properties, good
resistance to moisture, flame and microbial attack uptake, enhanced hydrophobic behaviour,
low dielectric constant, excellent design flexibility and cures in the absence of catalysts
and/or any curatives.!'] These properties make them useful as sealants and encapsulants in
electronic device fabrications, adhesives, coatings and matrices for different industrial and
engineering applications.*l Though, the benzoxazines possess excellent properties suitable for
different industrial applications and some of their deficient characteristics like brittle
behaviour and the requirement of high temperature for’curing limit their utility.[®! Hence, in
order to overcome these drawbacks and to widen/their area of applications, the development
of benzoxazine matrices with varying moleculaistructure and capable of contributing high
performance characters are warranted. ‘Ans/improvement of polybenzoxazines with enhanced
thermo-mechanical and electrical “properties!® are the major challenges to expand their
applications under harsh environments. Different approaches have been made to enhance their
physico-chemical properties; low temperature curing behaviour, impact properties, thermal
stability and desirable hydrophobicity by the skeletal modifications of benzoxazine
matrices.”]

Sijing and Lin et.al.!® ° reported a benzoxazine-based resin containing nitrile groups and allyl
possessed satisfactory properties in curing processing and structural applications. Allyl-
functional phthalonitriles-containing benzoxazine was successfully prepared with excellent
properties like wide process temperature, high modulus, high T, and high thermal stability.
Unfortunately, benzoxazine-base resin exhibits brittleness, insufficient toughness, poor

resistance to impact and stress cracking, which limit its wide applications in structural



materials with high toughness. To improve the brittleness of thermosetting composites,
various methods were attempted, including the physical blending of thermoplastic and
thermosetting resins, the chemical bonding of long molecular segments into the thermosetting
resin by molecular designing.

Considering the above, the present investigation focuses on the development of new type of
nitrile substituted reactive benzoxazines using bisphenol-F and bisphenol-Z and
4-aminobenzonitrile capable of curing at low temperature with enhanced thermal stability and
desirable hydrophobicity through appropriate skeletal modifications of benzoxazine matrices.
The properties of structurally modified benzoxazines were characterized by appropriate
analytical techniques. With this in view, the present work is proposed to synthesize new bi-
functional benzoxazine monomers through Mannich condensation using an appropriate
phenolic compound, amino derivatives with paraformédldehyde under suitable experimental
conditions. The molecular structure of the synth€sized benzoxazines was ascertained from
FTIR and 'H-NMR analyses and curing belawiour, thermal stability and hydrophobic
properties are studied using differential‘scafining calorimetry, thermogravimetric analysis and
goniometer respectively. Data obtained from different studies are correlated, discussed and
reported.

Experimental

Materials

In this work, the materials required for the synthesis of benzoxazines were bisphenol-F and
bisphenol-Z procured from Rotopolymers, Chennai, India. Paraformaldehyde and
4-aminobenzonitrile were obtained from Sigma-Aldrich (India) and used as such. 1,4-dioxane

and ethyl acetate were purchased from Thomas Bakers, Mumbai, India.



Measurements

FTIR spectra measurements were carried out with Agilent Cary 630 FTIR Spectrometer.
NMR spectra were obtained with Bruker (400 MHz) using deuterated chloroform (CDCl3) as
a solvent and tetramethylsilane (TMS) as an internal standard. DSC measurements were
recorded using NETZSCH STA 449F3 under N> purge (60 mL min™') at scanning rate of
10°C min’!. Thermogravimetric analysis (TGA) was obtained using NETZSCH STA 449F3
taking 5 mg of sample under N2 flow (260 mL min') and controlling the heating rate at 20 °C
min’!. Contact angle measurements were obtained using a Kyowa Goniometer with 5ul of
water as probe liquid.

Synthesis of bisphenol-F/ 4-aminobenzonitrile based benzoxazine (BF-abn)

5.6 g (0.05 mol) of 4-aminobenzonitrile was mixed with 5.0 g (0.025 mol) of bisphenol-F and
3.0 g (0.1 mol) of paraformaldehyde were added in portion into 100 ml double necked round
bottomed flask. To this mixture 10 ml of 1,4-dioxane was added under constant stirring. Then,
the temperature was raised to 110°C and maintained for about 4h until the completion of
formation of benzoxazine. The progress/ofsthe reaction was monitored with thin layer
chromatography (TLC) (7:3 hexang; ethyl acetate solvent). After completion of the reaction,
the resinous crude product obtained was dissolved in 50 ml of ethyl acetate and washed twice
with 2N NaOH for removal of unreacted phenolic compounds. Further, the organic layer was
washed twice with 100 ml of distilled water. Then, the organic phase was dried over
anhydrous Na;SOs and ethyl acetate was removed using the rotary evaporator and the product
resulted was recovered. The synthesized bisphenol-F based benzoxazine was labelled as
BF-abn (Scheme 1).

Synthesis of bisphenol-Z / 4-aminobenzonitrilebenzoxazine (BZ-abn)

4.73 g (0.04 mol) of 4-aminobenzonitrile was mixed with 5.40 g (0.02 mol) of bisphenol-Z
and 2.40 g (0.08 mol) of paraformaldehyde were added in portion into 100 ml double necked

round bottomed flask. To this mixture 10 ml of dioxane was added and kept under constant



stirring. Rest of the steps had been followed according to the synthesis procedure adopted for
BF-abn. The synthesized bisphenol-Z based benzoxazine was labelled as BZ-abn (Scheme 2).
Synthesis of BF and BZ-based polybenzoxazines

The bisphenol-based polybenzoxazines (Schemes 3 and 4), poly(BF-abn) and poly(BZ-abn)
were prepared through thermal ring opening polymerization. In brief, the respective
benzoxazines were separately dissolved in 1,4-dioxane and sonicated to obtain the
homogenous products. The resultant products obtained were separately heated at 80°C for 8 h
in an oven to remove the solvent. After the removal of solvent, the temperature was gradually
raised to 230°C at a heating rate of 20°C/h. The heating was further continued for another 3 h
at 230°C for complete curing. The polymerization of benzoxazine samples were confirmed
from infrared spectroscopic analysis. At this temperature, the benzoxazine monomers undergo
ring-opening polymerization to form polybenzoxazines with three dimensional cross-linked
network structurel'®! (Figure S1).

Results and discussion

The new types of benzoxazine momofiiers were synthesized via one-step Mannich
condensation reaction of bisphehol-E' and bisphenol-Z with 4-aminobenzonitrile and
paraformaldehyde under suitable experimental conditions. The molecular structure of the
synthesized benzoxazine monomers namely BF-abn and BZ-abn and their respective
polybenzoxazines, poly(BF-abn) and poly(BZ-abn) were confirmed from FTIR and 'H-NMR
spectral analyses.

FTIR spectral analysis

The FTIR spectra of benzoxazines (BF-abn and BZ-abn) are presented in Figure 1. The band
appeared at around 1221 c¢m™ represents the C—-O-C asymmetric stretching and a band
appeared at 1083 cm™! was attributed to the symmetric stretching vibrations of C-O—C bond
present in the benzoxazines.!!!l The appearance of a peak at 1115 cm™! confirms the presence

of asymmetric stretching of C-N-C. Similarly, the appearance of the band at around 964 cm!



ascertains the formation of benzoxazine ring structure.l'?! Further, the band appeared at
around 3100-2950 ¢m™! corresponds to C—-H stretching vibrations of the benzene ring and
absorption peaks appeared at around 2950 and 2850 cm™! represent the asymmetric and
symmetric stretching vibrations of oxazine ring as well as —CH>— of bisphenol-F and
bisphenol-Z moiety respectively.

'H-NMR spectral analysis

The molecular structures of BF-abn and BZ-abn benzoxazines were confirmed by 'H-NMR
spectra. The 'H-NMR spectra of BF-abn and BZ-abn benzoxazines are given in Figures 2 and
3 respectively. In the "TH-NMR spectrum, the aryl-substituted benzoxazine monomer (BF-abn)
and (BZ-abn) exhibits two characteristic resonance signals at around 4.5 ppm (singlet, 2H) for
aryl substituted methylene group of oxazine ring -N-CH»>-Ar and 5.5 ppm (singlet, 2H) for
oxygen and nitrogen bonded methylene group of benzoxazine molecule!!3) -N-CH,-O-.
Curing behaviour of benzoxazine monomers

The curing behaviour of BF-abn and BZ-abn'benzexazines were studied by DSC analysis at
two different heating rates viz., 10°C/mingand 20°C/min. under a nitrogen atmosphere. The
DSC thermograms of BF-abn and BZ-abn shows that the exothermic peaks shifted to higher
temperatures with an increase of heating rate (Figures 4 and 5)!'*, From Figure 4 (10°C/min),
an exothermic peak maximum observed for benzoxazine ring opening polymerisation and the
cyclotrimerization of cyano groups. The curing temperature of the benzoxazine monomers
BF-abn and BZ-abn are 223°C and 237°C respectively (Figure 4)[!% (Schemes 3 and 4).
Similar curing trend was also reported by Yanfang Liu et al. on bisphenol-A and
aminobenzonitrile based benzoxazine (BA-abn).['>) BF-abn and BZ-abn benzoxazine curing
temperature is lesser than BA-abn (Tp ~260°C). Nitrile substituted benzoxazines shows higher

curing temperature than aniline based benzoxazines (Table 1).[15-17]



FTIR analysis of polybenzoxazine

The absorption bands of N-C-O appeared at 964 cm!(oxazine ring) disappeared after thermal
curing at 250°C for 2h infers the cleavage of benzoxazine ring and the formation of
polybenzoxazine (Figure 6). Upon thermal curing, the bond exists between oxymethylene and
nitrogen gets cleaved followed by the rearrangement with ortho hydrogen present in the
neighbouring oxazine ring by the reactive methylene group and thus facilitates the occurrence
of polymerization.['®] The schematic representation for the synthesis of polybenzoxazines are
presented in Schemes 3 and 4.

Thermal stability of polybenzoxazine

The thermal stability of the cured BF-abn and BZ-abn benzoxazines was studied by TGA at
the heating rate of 20°C/min. under nitrogen atmosphere and the results obtained are
presented in Figure 7. The data obtained from TGA stddies are presented in Table 2. It was
noticed that, there was no weight loss below 150°C,which infers the complete removal of
solvents/water from the samples. The 5% ‘weight loss of cured polybenzoxazines viz.,
poly(BF-abn) and poly(BZ-abn) was notic€d=at above 320°C, respectively and the values of
the 10% weight loss observed are%350/and 345°C respectively. The values of maximum
degradation temperature (Tmax) were observed at 450 and 420°C for poly(BF-abn) and
poly(BZ-abn) respectively. The yield of residual char obtained at 850°C for polybenzoxazines
[poly(BF-abn) and poly(BZ-abn)] are 58% and 32%, respectively. All the nitrile substituted
benzoxazines possesses better thermal stability than aniline based benzoxazines
(Table 2),['>-17] due to the presence of triazine cross-linkages in the matrix system.!'”l Among
the benzoxazine samples studied, the poly(BF-abn) possesses better thermal properties than

that of poly(BA-abn)!'3! and poly(BZ-abn).



Flame retardant behaviour
The flame retardant behaviour of the cured benzoxazines is also ascertained by using the value
of residual char yield. Limiting oxygen index (LOI) value is calculated from van Krevelen
equation®® [eq. 1] and the results obtained are presented in Table 2.

LOI=17.5+0.4(0) -------------—- 1
Where 0 is the percentage char yield of materials remains at 850°C.
The char yield of the polybenzoxazines poly(BF-abn) and poly(BZ-abn) was found to be high
in the range of 58% and 32% respectively indicating their high flame retardant behaviour,
which is expressed in terms of their LOI value. The LOI values of the polymers should be
above the threshold value of 26, to render them self-extinguishing and for their qualification
for many applications requiring good flame resistancel?!). It was found that the LOI increases
with increasing char yield as expected. The polybenzoxdzines synthesized in the present work
show the LOI value greater than 26 confirmingstheir good flame retardant properties. The
values of LOI obtained for poly(BF-abn) and’pely(BZ-abn) are 41 and 30 respectively.
Specifically, poly(BF-abn) possesses thehigher LOI value than that of poly(BZ-abn), due to
the presence of triazine based cross‘linked network structure.
Water contact angle studies
The water contact angle images and values of water contact angle of poly(BF-abn) and
poly(BZ-abn) are presented in Figure 8. The values of water contact angle obtained for
poly(BF-abn) and poly(BZ-abn) are 138° and 140° respectively. The lower affinity of the
developed polybenzoxazines towards water indicates its hydrophobic nature. These
benzoxazines possess better hydrophobic behaviour than that of existing conventional organic
matrices. Among the benoxazine samples developed in the present work, the poly(BZ-abn)
possesses better hydrophobic character than that of poly(BZ-abn), due to the presence of

cyclohexane (alicyclic) moiety.[2?]



Conclusion

An attempt has been made in the present work to develop a structurally different benzoxazines
using bisphenol-F and bisphenol-Z with 4-aminobenzonitrile and paraformaldehyde through
Mannich condensation reaction in order to study and compare their cure behaviour, thermal
stability and hydrophobic properties. The results from thermal analysis indicated that these
materials exhibit the marginally lower polymerization temperature than that of conventional
benzoxazines with improved thermal stability. Among, the benzoxazines synthesized, the
bisphenol-F based benzoxazine possesses lower curing temperature and better thermal
stability than those of bisphenol-Z based benzoxazine. Both benzoxazines exhibit excellent
hydrophobic behaviour nearing super hydrophobicity. Data obtained from different studies
suggests that the benzoxazine developed in the present work can be conveniently used in the
form sealants, adhesives, encapsulants, and matrices whiere application demands high thermal
stability, flame resistance and resistant to moisture’
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Scheme Captions

Scheme 1. Synthesis of bisphenol-F /4-aminobenzonitrile benzoxazine (BF-abn)
Scheme 2. Synthesis of bisphenol-Z/4-aminobenzonitrile benzoxazine (BZ-abn)
Scheme 3. Synthesis of poly(BF-abn)

Scheme 4. Synthesis of poly(BZ-abn)

Scheme 5. The general curing mechanism of benzoxazines

Figure Captions

Figure 1. FTIR spectra of benzoxazine monomers

Figure 2. "H-NMR spectrum of BF-abn benzoxazine

Figure 3. "H-NMR spectrum of BZ-abn benzoxazine

Figure 4. DSC traces of benzoxazines at the heating rateof 10°C/min

Figure 5. DSC traces of benzoxazines at the heating rate of 20°C/min

Figure 6. FTIR spectra of polybenzoxazines and their respective monomers
Figure 7. TGA traces of polybenzoxazines

Figure 8. The water contact angle ofi(a) poly(BF-abn) (b) poly(BZ-abn)

Table Captions

Table 1. The curing behaviour of bisphenol based benzoxazines

Table 2. Thermal stability of bisphenol based polybenzoxazine
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Tables

Table 1. The curing behaviour of bisphenol based benzoxazines

Curing behaviour at different heating rate
Bisphenol = - - -
based 10°C/min 20°C/min
benzoxazines T, Ty Te T; T, Tr
BA-a[l15] 165 223 284 - - -
BF-a[15] 159 212 278 - - -
BZ-a [16] 175 215 275 - - -
BA-abn [14] 200 260 310 - - -
BF-abn 143 223 278 212 246 288
BZ-abn 201 237 283 225 257 302

Ti initial peak temperature
Tp exothermic peak maximum temperature
Tr final peak temperature

Table 2. Thermal stability of bisphenol based polybenzoxazine

Thermal stability
B;:p;‘e“‘;' l.’fl‘sed 5% wt | 10% | Tmax | Char' LOP
enzoxazines loss wt® | °C)' | yield % at | (%)
G [ loss 850°C
(oc)l
Poly(BA-a)[15] | 332 351 | 419 28 29
Poly(BF-a)[15] 316 343 | 440 25 28
Poly(BZ-a)[16] 200 316 | 430 12 22
Poly(BA-abn)[14] | 300 325 | 425 43 35
Poly(BF-abn) 320 350 | 450 58 41
Poly(BZ-abn) 324 345 | 420 32 30

IThe values were determined by TGA at a heating rate of 20°C/min in nitrogen
atmosphere
?Determined using van Krevelen’s equation
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Schemes and Figures
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Figure 8. The water contact angle of (a) poly(BF-abn) (b) poly(BZ-abn)
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