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A B S T R A C T

In this study, we synthesized and investigated bisbenzylidene cyclopentanone and cyclohexanone-functionalized
polybenzoxazine nanocomposites as anti-corrosion coatings. The chemical structures of CP-BZ and CH-BZ were
confirmed using Fourier transform infrared (FTIR) spectroscopy and 1H and 13C nuclear magnetic resonance
spectroscopy. Differential scanning calorimetry (DSC) revealed that the thermal polymerization temperature of
the uncured CH-BZ (198 °C) was significantly lower than that of the monomer 3-phenyl-3,4-dihydro-2H-ben-
zoxazine (263 °C). We used DSC and FTIR spectroscopy to study the curing behavior of these monomers. The
degradation temperature of poly(CH-BZ) (326 °C) was higher than that poly(CP-BZ) (249 °C), based on ther-
mogravimetric analysis. We used solution dispersion and thermal ring-opening polymerization to prepare a new
class of bisbenzylidene-based polybenzoxazine (PBZ; CP-BZ or CH-BZ) composites with epoxidized soybean oil
(E-SBO; 10 or 20 wt%) and E-SBO/bentonite (nanoclay; 3 or 5 wt%) for use as corrosion-protection coatings for
mild steel (MS). We employed salt-spray and electrochemical measurements to investigate the influence of the
epoxy and nanoclay contents, respectively, on the corrosion-resistance of these coatings. A 20 wt% epoxy
content in the PBZ/E-SBO coatings provided corrosion-resistance superior to those of pure PBZs. Furthermore,
the addition of 20 wt% E-SBO and 3 wt% of nanoclay decreased the corrosion rate by one order of magnitude
(2.653 × 10−3 mm year–1) when compared with that of pure poly(CH-BZ) (1.292 × 10-2 mm year–1) and two
orders of magnitude when compared with blank(MS) (1.094 × 10-1 mm year–1) with protection efficiency
(98.16 %), revealing markedly increased barrier properties of the composite coatings towards corrosive species.
Thus, these materials function as excellent corrosion-resistance coatings for MS.

1. Introduction

Polybenzoxazines (PBZs) are thermosetting polymers that can be
prepared through ring-opining polymerization (ROP) of benzoxazine
(BZ) monomers in the absence of any catalysts, with no byproducts
released during their thermal curing polymerization [1–8]. The at-
tractive properties PBZs include high thermal stabilities, low dielectric
constants, chemical resistance, high glass transition temperatures (Tg),
low surface energies, low water absorption, zero-near shrinkage upon
curing, and good flame-retardancy [9–15]. Most of these properties are
related to PBZs having a high density of inter- and intramolecular

hydrogen bonds between their phenolic groups and nitrogen-containing
Mannich-type bridges [16–24]. Although PBZ resins have been applied
in various applications (e.g., in the electronics industry and as high-
temperature coatings and flame-retardant coatings), their use as coat-
ings generally suffers from the brittleness of their films and the need for
high curing temperatures. To overcome these obstacles, additional
functional groups (e.g., cyano, amine, allyl, hydroxyl) can be in-
corporated into the BZ resins by reacting a multifunctional amine with
a mono-phenol or a multifunctional phenolic resin with a monoamine
[25–31]. Recently, polymers containing bisbenzylidene moieties as
photo- and thermo-sensitive segments in their side or main chains have
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become attractive materials in academia and industry because of their
potential applications in photo recorders, photocurable coatings, en-
ergy exchange materials, and printing plates [32–39]. The light- and
heat-activated polymerizations of olefinic (e.g., coumarin and chal-
cone) BZ monomers have been studied [7,8,32–39]. Furthermore, BZs
monomers have been used as blends with epoxy resins to enhance the
adhesion of polymers and increase their corrosion-resistance [40–42].
Rimdusit et al. [43] investigated the effects of epoxy resin on various
arylamine-based BZ resins [aniline, m-toluidine, 3,5-xylidine]; they
found that the mechanical properties of prepared blend were enhanced
upon increasing the amount of the epoxy. Organic corrosion-protection
coatings applied on metallic surfaces form a barrier between the metal
surface and its environment, preventing or delaying the transportation
of corrosive species toward the metal and, thereby, retarding the
creation of rust at the metal surface [40–42]. Coating mild steel (MS)
with PBZ resins can decrease the corrosion rate (CR) because the PBZs
possess hydrophobic properties, nitrogen atoms, conjugated π-elec-
trons, and large molecular sizes [42]. For example, MS coated with a
guaiacol-based poly(BZ-urethane) through salt-spraying displayed en-
hanced corrosion-resistance upon increasing the urethane content in
the polymer backbone [44]. In recent years, the co-curing of BZ
monomers with phenolic and epoxy resins has become the most effec-
tive method for enhancing the adhesion properties, hardness, thermal
properties, mechanical properties, and corrosion-resistance of PBZ films
[40–42]. Furthermore, the incorporation of nanoclays can improve the
barrier properties of polymeric coatings by decreasing their perme-
ability and increasing the lengths of the diffusion pathways for O2 and
water [45]. In 2020, our group observed that coating MS with epox-
idized soybean oil (E-SBO) and poly(azine-BZ–CH3)/nanoclay led to
more efficient corrosion protection (99.63 %) [46]. In 2020, Alagar
et al. successfully prepared bio-based polybenzoxazine composite by
using cardanol, eugenol and bio-silica as reinforcement. They found
that these coating composites on MS showed excellent resistance to
corrosion [47]. Andronescu and his group synthesized different types
from BZ derivatives by using phenolated methyl oleate as the phenol
source with aniline,1,6-diaminohexane, or 4,4’-diaminodiphe-
nylmethane, respectively. They revealed that Zn-Mg-Al-steel sheets
coated with polybenzoxazine coatings displayed increased OCP value
and breakthrough potential [48]. Mhaske and his workers successfully
prepared GPTMS (glycidoxypropyltrimethoxysilane)-modified Bnz
coatings and these materials improved the barrier protection to corro-
sive species because of its highly crosslinked structure [49]. Also, An-
dronescu et al. reported that coating Zn–Mg–Al alloy with benzoxazine
derivatives, which were synthesized using phenolated high oleic sun-
flower oil and 1,6-diaminohexan showed increased OCP value [50]. In
this present paper, we report the curing behaviour of cyclopentanone
(CP)-BZ and cyclohexanone (CH)-BZ, subsequent characterization of
PBZ/E-SBO/nanoclay materials and their application as anti-corrosion
coatings. First, we prepared bis(benzylidene)CP-2OH and bis(benzyli-
dene)CH-2OH through aldol condensations of 4-hydroxybenzaldehyde
with CP and CH, respectively, under acidic conditions. Then, we syn-
thesized the monomers CP-BZ and CH-BZ through Mannich condensa-
tions of bis(benzylidene)CP-2OH and bis(benzylidene)CH-2OH, re-
spectively, with p-toluidine and paraformaldehyde [(CH2O)n] in 1,4-
dioxane. We characterized these monomers using 1H and 13C nuclear
magnetic resonance (NMR) spectroscopy and Fourier transform in-
frared (FTIR) spectroscopy and studied the ROPs of their oxazine rings
using differential scanning calorimetry (DSC) and in situ FTIR spec-
troscopy. Thermogravimetric analysis (TGA) revealed the thermal sta-
bilities of the resulting polymers. Finally, we used salt-spray and elec-
trochemical (polarization measurement) techniques to examine the
corrosion resistance of MS coated with pure PBZ with epoxy resin [poly
(CP-BZ)/E-SBO (10 and 20 wt%), poly(CH-BZ)/E-SBO (10 and 20 wt
%)] and also PBZ with epoxy and composites [poly(CP-BZ)/E-SBO (20
wt%)/nanoclay (3 and 5 wt%), and poly(CH-BZ)/E-SBO (20 wt%)/na-
noclay (3 and 5 wt%)] in 3.5 wt % NaCl aqueous solutions.

2. Experimental section

2.1. Materials

CP, CH, 4-hydroxybenzaldehyde, p-toluidine, (CH2O)n, sodium hy-
droxide (NaOH), HCl (37 %), anhydrous magnesium sulfate (MgSO4),
chloroform (CHCl3), absolute ethanol (EtOH), 1,4-dioxane, ethyl
acetate (EtOAc), glacial acetic acid (AcOH), and hydrogen peroxide
(H2O2) were obtained from Acros. Sodium bentonite (nanoclay) and
hexadecyl trimethyl ammonium bromide (HTAB) were purchased from
Aldrich (Hamburg, Germany). Bis(benzylidene)CP-2OH and Bis
(benzylidene)CP-2OH were synthesized according to the reported
methods [Figs. S1 and S2] [51,52].

2.2. (2E,5E)-2,5-Bis((3,4-dihydro-3-p-tolyl-2H-benzo[e][1,3]oxazine-6-
yl)methylene)cyclopentanone (CP-BZ)

A solution of (CH2O)n (0.800 g, 27.0 mmol) and p-toluidine (1.60 g,
15.0 mol) in 1,4-dioxane (30 mL) was heated under reflux in a 100-mL
round-bottom flask with stirring at 70 °C for 30 min. Bis
(benzylidene)CP-2OH (2.00 g, 7.00 mol) was added and then the
temperature was gradually raised to 110 °C and stirring continued for
24 h. The solvent was evaporated using a rotary evaporator. The yel-
lowish residue was dissolved in EtOAc and washed three times with 1 N
NaOH and twice with distilled water. The organic layer was dried
(MgSO4), filtered, and concentrated (rotary evaporator) to afford a
wine-red product (85 %). 1H NMR (400 MHz, DMSO-d6, δ, ppm):
6.8–7.6 (m, 14H, ArH), 5.30 (s, 4H, OCH2N), 4.50 (s, 4H, ArCH2N). 13C
NMR (400 MHz, CDCL3, δ, ppm): 191.31 (C]O), 80.62 (NCH2O), 49.98
(ArCH2N), 26.72 (CH3), 25.26 (2CH2 of CP). FTIR (KBr, cm–1): 2917,
2857 (symmetric and asymmetric stretching of CP moiety), 1668 (C]
O), 1580 (CC]), 1467 (stretching of trisubstituted benzene ring), 1232
(asymmetric CeOCe stretching), 940 (out-of-plane CeH bending).
UV–vis λmax (CHCl3): 380 nm (-C = C-) [Fig. S3(a)].

2.3. (2E,6E)-2,6-Bis((3,4-dihydro-3-p-tolyl-2H-benzol[e][1,3]oxazin-6-
yl)methylene)cyclohexanone (CH-BZ)

A solution of (CH2O)n (0.800 g, 27.0 mmol) and p-toluidine (1.60 g,
15.0 mmol) in 1,4-dioxane (50 mL) was heated under reflux in a 100-
mL round-bottom flask with stirring at 70 °C for 30 min. Bis
(benzylidene)CH-2OH) (2.00 g, 7.00 mmol) was added and then the
temperature was gradually raised to 110 °C and stirring continued for
24 h. The solvent was evaporated using a rotary evaporator. The re-
sidue was dissolved in EtOAc and washed three times with 1 N NaOH
and twice with distilled water. The organic phase was dried (MgSO4),
filtered, and concentrated (rotary evaporator) to afford a red solid (90
%). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 6.8–7.6 (m, 14H, ArH), 5.40
(s, 4H, OCH2N), 4.60 (s, 4H, ArCH2N), 2.3 (s, CH3). 13C NMR (400 MHz,
CDCL3, δ, ppm): 190.32 (C]O), 80.38 (OCH2N), 50.79 (ArCH2N),
29.69 (CH2 of CH), 28.50 (CH2 of CH), 20.48 (CH3). FTIR (KBr, cm–1):
2917, 2857 (symmetric and asymmetric stretching of CH moiety), 1654
(C]O), 1594 (CC]), 1497 (stretching of trisubstituted benzene ring),
1235 (asymmetric CeOCe stretching), 935 (out-of-plane CeH
bending). UV–vis λmax (CHCl3): 365 nm (-C = C-) [Fig. S3(b)].

2.4. Poly(CP-BZ) and poly(CH-BZ)

Poly(CP-BZ) and poly(CH-BZ) were obtained through thermal ROP
of the monomers CP-BZ and CH-BZ, respectively, in the absence of an
initiator or catalyst (Scheme 2). The curing process was performed with
stepwise heating in an air-circulating oven at 110, 150, 180, 210, and
240 °C for 2 h at each temperature and then the samples were cooled
slowly to room temperature. The resulting polymers had a dark brown
color.
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2.5. E-SBO [Scheme S1]

A mixture of soybean oil (100.0 g) in toluene (50 mL), AcOH (15.00
g), and Amberlite (25.00 g) in a 500-mL three-neck flask equipped with
a thermometer was stirred magnetically at 60 °C for 5 h. The required
amount of H2O2 (30 %) was added slowly to the mixture using a ti-
tration tube. The reaction time was counted from this point onward.
After completion of the reaction, the mixture was cooled to room
temperature, placed in a separatory funnel, and washed several times
with distilled water (cold–hot–cold) to remove any excess AcOH and
H2O2. The organic phase was dried (Na2SO4) and placed in an oven
overnight at 60 °C. FTIR (KBr, cm–1): 2857 and 2928 (CH2 group), 1744
(C]O stretching), 825 and 845 (epoxy group). 1H NMR (500 MHz,
CDCl3, δ, ppm, Fig. S4): 0.82 (t, 3H, CH3), 1.5 (br, 2H, CH2, β to epoxide
ring), 1.7 (CH2 between two epoxy groups), 2.06–2.08 (CH2 adjacent to
double bond), 2.21–2.24 (CH2 between epoxy ring and double bond),
2.95–3.01 (CH of epoxide ring), 4.04–5.1 (CH2 of glyceride structure),
5.32–5.42 (2CH, unreacted ethylene bond).

2.6. PBZ/E-SBO coatings

MS surfaces were degreased with acetone and dried. The monomers
CP-BZ and CH-BZ and E-SBO were dissolved separately in CHCl3 at a
concentration of 100 g L–1. The monomers CP-BZ and CH-BZ were
mixed separately with E-SBO (10 or 20 wt% epoxy content), at a molar
ratio of approximately 1:1, or without. The mixtures were cast on the
MS panels such that the same thickness was achieved for each coated
sample. After drying in air for 24 h, the coated panels were cured at 210
°C for 2 h.

2.7. PBZ/E-SBO/nanoclay composite coatings

Poly(CP-BZ)/E-SBO (20 wt% epoxy content)/nanoclay (3 and 5 wt
%) and poly(CH-BZ)/E-SBO (20 wt% epoxy content)/nanoclay (3 and 5
wt%) composite coatings were prepared through solution-dispersion.
For example, the poly(CP-BZ)/E-SBO/nanoclay (3 wt%) composite
coating was prepared as follows: Modified nanoclay [prepared through
cation-exchange of sodium bentonite and hexadecyl trimethyl ammo-
nium bromide (HTAB) according to a reported procedure [45]; 0.030 g]

Scheme 1. Synthesis of (a) bis(benzylidene)CP-2OH, (b) bis(benzylidene)CH-2OH, (c) CP-BZ, and (d) CH-BZ.

Scheme 2. ROPs of CP-BZ and CH-BZ to afford poly(CP-BZ) and poly(CH-BZ), respectively.
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Fig. 1. (a) 1H and (b) 13C NMR spectra of CP-BZ in DMSO-d6 and CDCl3.

Fig. 2. (a) 1H and (b) 13C NMR spectra of CH-BZ in DMSO-d6 and CDCl3.

M.G. Mohamed, et al. Materials Today Communications 25 (2020) 101418

4



was added to a mixture of CP-BZ (0.77 g) and E-SBO epoxy resin (0.20
g) in CHCl3 at 100 g L–1. The mixture was stirred at 80 °C for 5 h and
then cast (thickness: 5 μm) onto an MS surface (20 mm × 20 mm) that
had been degreased with acetone and distilled water and scrubbed with
sandpaper. After drying in air for 24 h, the coated panels were cured at
210 °C for 2 h. The obtained poly(CP-BZ)/E-SBO/nanoclay (3 and 5 wt
%) and poly(CH-BZ)/E-SBO/nanoclay (3 and 5 wt%) coating compo-
sites were colored brown, as revealed in Fig. S6(e, f, k, l).

2.8. Characterization

FTIR spectra were recorded using a Bruker Tensor 27 FTIR spec-
trophotometer and the conventional KBr disk method; 32 scans were
collected at a spectral resolution of 4 cm–1. The films used in this study
were sufficiently thin to obey the Beer–Lambert law. UV absorption
spectra were measured between 320 and 420 nm on a Herolab UV-6 S/L
LW. Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2010 instrument operated at 200 kV. The surface
morphologies of the MS samples in the presence and absence of
polymer coatings (after polarization measurements) were investigated
using scanning electron microscopy (SEM; JEOL JSM-7610 F). The
dynamic curing behavior of all of the BZ samples (5–7 mg) was de-
termined in a DSC sample cell using a TA Q-20 DSC apparatus, with
heating from 30 to 350 °C at 20 °C min–1 under an N2 atmosphere (50
mL min–1). The thermal stabilities of all the BZ samples (5–7 mg) were

measured using a TA Q-50 TGA apparatus, with heating from 30 to 800
°C at 20 °C min–1 under an N2 atmosphere (60 mL min–1).

2.9. Salt-spray technique

The corrosion-resistance of the MS coated with pure poly(CP-BZ),
pure poly(CH-BZ), poly(CP-BZ)/E-SBO (10 wt%), poly(CP-BZ)/E-SBO
(20 wt%), poly(CH-BZ)/E-SBO (10 wt%), and poly(CH-BZ)/E-SBO (20
wt%) was investigated through the salt-spray technique using a SF/450
salt-spray cabinet (CW Specialist Equipment, England). A work crosscut
was made in the middle of each MS panel using a cutter, to permit
penetration of the salt solution into the panel and, thereby, examine the
adherence of the coating over the painted area [53]. The coated panels
were exposed to 5 wt% aqueous NaCl for 500 h at 35 °C according to
ASTM B117. The coated panels were examined for blistering, scribe
failure, and the degree of rusting according to ASTM D714-94, D1654-
92, and D610-95, respectively.

2.10. Electrochemical technique

The corrosion-resistance of MS coated with pure PBZ and PBZ/E-
SBO and PBZ/E-SBO/nanoclay composites was investigated through
potentiodynamic polarization. Tests were performed using a compu-
terized potentiostat (Autolab PGSTAT 30) in 3.5 % NaCl at room tem-
perature. Prior to measurement, the samples were immersed in the
testing solution for 30 min to determine the steady state potential,
defined as the free corrosion potential (Ecorr). The potential was then
scanned from –0.3 to +1 V against Ecorr (scan rate: 0.002 V s–1) for
polarization current experiments. The Tafel extrapolation technique
was used to measure the corrosion potential (Ecorr) and corrosion

Fig. 3. FTIR spectra of (a) bis(benzylidene)CP-2OH, (b) CP-BZ, and (c) poly(CP-
BZ).

Fig. 4. FTIR spectra of (a) bis(benzylidene)CH-2OH, (b) CH-BZ, and (c) poly
(CH-BZ).

Fig. 5. DSC thermograms of CP-BZ before and after thermal treatment at var-
ious temperatures.
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current density (Icorr), which was determined by superimposing a
straight line along the linear portion of the cathodic or anodic curve
and then extrapolating it through Ecorr. The CR and the percentage
protection efficiency (IE%) of each test sample were calculated using

Eqs. (1) and (2), respectively [40,54].

CR = (Icorr × K × EW)/(ρA) (1)

where CR is the corrosion rate (mm year–1), Icorr is the corrosion current
density (A cm–2), EW is the equivalent weight of the MS (g eq–1), A is
the area (cm2), ρ is the density (g cm–3), and K is the CR constant (3272
mm year–1).

IE% = [Icorr – Icorr(c)]/Icorr × 100 (2)

where Icorr is the corrosion current obtained for the MS and Icorr(c) is the
corrosion current for the coated MS. Each test was repeated three times
at the same conditions, the average and standard deviation for Ecorr,
Icorr, CR and IE% values were calculated.

3. Results and discussion

3.1. Synthesis of CP-BZ and CH-BZ monomers

We synthesized the bifunctional BZ monomers containing bisben-
zylidene moieties (CP-BZ and CH-BZ) through one-pot Mannich con-
densations of bis(benzylidene)CP-2OH and bis(benzylidene)CH-2OH,
respectively, with p-toluidine and (CH2O)n in 1,4-dioxane, without
using any catalyst (Scheme 1). The 1H NMR spectrum of CP-BZ
[Fig. 1(a)] features signals at 5.30, 4.50, 2.50, 2.10, and 6.8–7.6 ppm
for the OCH2N, ArCH2N, CH2 (of CP moiety), CH3, and aromatic pro-
tons, respectively. The 13C NMR spectrum of CP-BZ [Fig. 1(b)] features
signals for the carbon nuclei of the oxazine ring at 49.98 and 80.62 ppm
for ArCH2N and OCH2N, respectively.

The 1H NMR spectrum of CH-BZ [Fig. 2(a)] features signals centered
at 4.6 and 5.4 ppm for its ArCH2N and OCH2N units and in the range
6.8–7.6 ppm for the protons of the aromatic and olefinic units. The 13C
NMR spectrum of CH-BZ [Fig. 2(b)] features signals for the carbon
nuclei of the C = O group in the CH unit and the OCH2N and ArCH2N
units at 190.32, 80.38, and 50.79 ppm, respectively. We confirmed the
chemical structures of the synthesized monomers from their FTIR
spectra.

Figs. 3(a) and 4 (a) displays the FTIR spectra of bis(benzylidene)CP-
2OH and bis(benzylidene)CH-2OH, respectively. Both spectra feature
signals at 3262 cm–1 for the phenolic OH group, 1679 cm–1 for
stretching of the C]O group, and 1599 cm–1 for stretching of the C]C
bond. The FTIR spectrum of CP-BZ [Fig. 3(b)] features signals at 2917
and 2857 cm–1 for CHe stretching of the CP unit, 1668 cm–1 for the C]
O group, 1467 cm–1 for the trisubstituted benzene ring, 1232 cm–1 for
asymmetric stretching of the CeOCe unit, and 940 cm–1 for the oxazine

Fig. 6. DSC thermograms of CH-BZ before and after thermal treatment at var-
ious temperatures.

Fig. 7. FTIR spectra of CP-BZ before and after thermal treatment at various
temperatures.

Fig. 8. FTIR spectra of CH-BZ before and after thermal treatment at various
temperatures.

M.G. Mohamed, et al. Materials Today Communications 25 (2020) 101418

6



ring.
The FTIR spectrum of CH-BZ [Fig. 4(b)] features signals at 1654,

1497, 1235, and 935 cm–1 for the C]O group, trisubstituted benzene
ring, asymmetric CeOCe stretching, and the oxazine ring, respectively.
After thermal ROP of CP-BZ and CH-BZ at 210 °C for 2 h, all of the
characteristic bands for the oxazine rings of both BZ monomers dis-
appeared, consistent with the formation of poly(CP-BZ) and (CH-BZ)
through complete ROP.

UV spectroscopy confirmed the presence of bisbenzylidene units in
the monomers CP-BZ and CH-BZ in CHCl3 after irradiation at 365 nm
[Figs. S4(a) and S4(b)]. Each UV absorption spectrum featured the
absorption maximum near 365 nm, representing the π→π* transition of
the olefinic bond in the monomer chain; the intensity of this peak de-
creased upon increasing the irradiation time. The photodimerization
rate of the C]C bonds in CP-BZ through [2π + 2π] cycloaddition was

faster than that in CH-BZ, presumably because of greater steric hin-
drance in CH-BZ [34].

3.2. Polymerization of CP-BZ and CH-BZ monomers

We used DSC to study the thermal polymerizations of CP-BZ and
CH-BZ (Scheme 2). Figs. 5 and 6 present DSC thermograms of CP-BZ
and CH-BZ, respectively, before and after thermal treatment at various
temperatures. The maximum of the polymerization peak and the heat of
polymerization of the uncured CP-BZ were 225 °C and 209 J g–1, re-
spectively. The maximum of the polymerization peak shifted to 198 °C
for CH-BZ, with the heat polymerization decreasing to 103 J g–1, due to
the endotherm of melting partially overlapping with the polymerization
exotherm [55]. The intensity of the polymerization exothermic peak
gradually increased, while the heat of polymerization decreased, after
treatment at each temperature at 110, 150, and 180 °C. At 210 °C, the
ROP of the oxazine units in CP-BZ and CH-BZ was complete, forming
poly(CP-BZ) and poly(CH-BZ). Interestingly, the polymerization exo-
therm temperatures of CP-BZ and CH-BZ were lower than that of the
conventional monomer 3-phenyl-3,4-dihydro-2H-benzoxazine (Pa-
type) (263 °C), presumably because of the presence of the olefinic bond
in the main chain. Lower thermal curing temperatures for BZ monomers
are highly desirable for industrial applications [56].

We also used FTIR spectroscopy to study the thermal polymerization
of CP-BZ and CH-BZ (Figs. 7 and 8). The intensities of the absorption
bands at 940 and 935 cm–1 (representing CHe out-of-plane vibrations
of the benzene ring), 1110 and 1110 cm–1 (representing symmetric
CeOCe stretching), and 1232 and 1235 cm–1 (representing asymmetric
CeOCe stretching) for CP-BZ and CH-BZ, respectively, gradually dis-
appeared after each thermal treatment from RT to 210 °C. The complete
ROP of CP-BZ occurred after thermal curing at 210 °C, while that for
CH-BZ occurred at a lower curing temperature of 180 °C, due to the
latter having a lower heat of polymerization and a lower polymeriza-
tion exotherm. In contrast, a broad band representing OH groups gra-
dually increased in intensity near 3400 cm–1 upon increasing the curing

Fig. 9. TGA of (a) CP-BZ and (b) CH-BZ before and after thermal treatment at 25, 150, 180, and 210 °C.

Table 1
TGA data of CP-BZ at various thermal treatments.

Sample Td5 (ºC) Td10 (ºC) Char yield
at 800 °C

110 °C 188 200 27
150 ºC 200 219 36
180 ºC 249 294 46
210 ºC 294 362 50

Table 2
TGA data of CH-BZ at various thermal treatments.

Sample Td5 (ºC) Td10 (oC) Char yield
at 800 °C

110 °C 230 260 32
150 ºC 249 280 34
180 ºC 254 288 39
210 ºC 326 364 49
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temperature, reflecting the ring opening of the BZ units. These findings
are consistent with those from the DSC analyses, confirming that the
oxazine rings in CP-BZ and CH-BZ could be opened thermally, without
the use of catalysts, to form highly crosslinked poly(CP-BZ) and poly
(CH-BZ), respectively.

3.3. Thermal properties of uncured CP-BZ and CH-BZ before and after
thermal treatment

We examined the thermal properties of the uncured CP-BZ and CH-
BZ, and after their curing at 150, 180, and 210 °C, through TGA under a
N2 atmosphere at a heating rate of 20 °C min–1 [Fig. 9(a) and (b)];
Tables 1 and 2 summarize the results. In general, PBZs formed from
bifunctional BZs feature higher degrees of crosslinking when compared
with those from monofunctional BZs. We used the 5% weight loss
temperature (Td5), the 10 % weight loss temperature (Td10), and the
char yield at 800 °C to characterize the thermal stabilities of the un-
cured samples and those cured at 150, 180, and 210 °C. The values of
Td5 and Td10 and the char yields increased significantly upon increasing
the curing temperature from RT to 210 °C, due to an increase in the
degree of crosslinking after each thermal curing step. Poly(CH-BZ) after
curing at 210 °C exhibited a value of Td5 of 326 °C; this value is higher
than that reported for the P-PBZH4:BZH monomer UV-irradiated for
120 min followed by thermal curing (280 °C) [36]. Furthermore, poly
(CP-BZ) and poly(CH-BZ) after thermal curing at 210 °C had char yields
(50 and 49 %, respectively) higher than that of the conventional
monomer 3-phenyl-3,4-dihydro-2H-benzoxazine (Pa-type) (48 %)

[46,57].

3.4. Crosslinking between CP-BZ and E-SBO to form poly(CP-BZ)/E-SBO
resin

FTIR spectra confirmed the existence of crosslinking between the
phenolic OH groups of PBZ and the epoxide groups in the epoxy resin
under thermal treatment. Fig. S5 presents the FTIR spectra of CP-BZ/E-
SBO before and after curing at 210 °C for 2 h. The intensities of the
absorption bands at 934 and 1320 cm–1 of CP-BZ/E-SBO blend before
curing were significant, representing out-of-plane CHe bending vibra-
tions of the oxazine ring of CP-BZ and the oxirane rings of the epoxy
resin, respectively. After curing at 210 °C, these absorption bands dis-
appeared and a new broad band appeared near 3432 cm–1, presumably
representing the stretching vibrations of self-associated OH groups in
the epoxy and indicating the formation of an PBZ-epoxy network
through hydroxyl–oxazine etherification [58].

3.5. Salt-spray test

Typically, salt-spray testing is used to rapidly compare expected and
actual degrees of corrosion-resistance. Table S1 summarizes the degrees
of blistering and scribe failure and the percentages of the areas rusted
for our tested coated samples, determined after visual comparison with
photographic reference standards [Fig. 10].

Pure poly(CP-BZ) and pure poly(CH-BZ) exhibited dense blistering,
and their percentages of the areas rusted were greater in comparison

Fig. 10. MS surfaces coated with (a) pure poly(CP-BZ), (b) poly(CP-BZ)/E-SBO (10 wt%), (c) poly(CP-BZ)/E-SBO (20 wt%), (d) pure poly(CH-BZ), (e) poly(CH-BZ)/E-
SBO (10 wt%), and (f) poly(CH-BZ)/E-SBO (20 wt%) for salt-spray test before and after immersed for 500 h in 5% NaCl aqueous solution.
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with the other coatings containing E-SBO resin. Thus, these coatings
underwent drastic chemical changes during exposure, leading to
failure. In contrast, the MS samples coated with poly(CP-BZ)/E-SBO (10
or 20 wt%) and poly(CH-BZ)/E-SBO (10 or 20 wt%) exhibited good
adhesion, with no more dispersion of corrosion along and around the
cross cut, indicating that these coatings had good corrosion-resistance.
Furthermore, the corrosion-resistance increased upon increasing the
content of E-SBO resin in the coatings [41], due to the formation of
highly crosslinked PBZ/E-SBO epoxy resin networks during the curing

process. In addition, the transport rate of water along the cross cut of
the coating decreased significantly upon increasing the content of E-
SBO.

3.6. Electrochemical results

We used potentiodynamic polarization to study the corrosion-re-
sistance of bare steel (blank) and poly(CP-BZ)– and poly(CH-
BZ)–coated MS plates, containing various weight percentages of the

Fig. 11. (A) Tafel curves of (a) MS, (b) CP-BZ,
(c) poly(CP-BZ), (d) poly(CP-BZ)/E-SBO (10 wt
%), (e) poly(CP-BZ)/E-SBO (20 wt%), (f) poly
(CP-BZ)/E-SBO/nanoclay (3 wt%), and (g) poly
(CP-BZ)/E-SBO/nanoclay (5 wt%). (B) Tafel
curves of (a) MS, (b) CH-BZ, (c) poly(CH-BZ),
(d) poly(CH-BZ)/E-SBO (10 wt%), (e) poly(CH-
BZ)/E-SBO (20 wt%), (f) poly(CH-BZ)/E-SBO/
nanoclay (3 wt%), and (g) poly(CH-BZ)/E-
SBO/nanoclay (5 wt%) in 3.5 % NaCl aqueous
solutions.

Table 3
Parameters obtained from Tafel plots for bare MS and MS samples coated with CP-BZ monomer and poly(CP-BZ) with epoxy and nanoclay at various weight
percentages in 3.5 % NaCl aqueous solutions.

Sample Corrosion Potential
Ecorr (V)

Corrosion current density,
Icorr (A cm−2)

Corrosion rate, CR
(mm/year)

Protection efficiency
IE (%)

Blank −0.607± 0.003 1.47± 0.009 × 10−5 1.10± 0.010 × 10−1 –
CP-BZ −0.511± 0.003 2.25± 0.024 × 10−6 1.67± 0.016 × 10−2 85.10± 0.9
poly(CP-BZ) −0.309± 0.004 2.32± 0.036 × 10−6 1.72± 0.029 × 10−2 85.4± 1.4
poly(CP-BZ)/E-SBO (10 wt%) −0.331± 0.006 2.09± 0.043 × 10−6 1.55± 0.034 × 10−2 86.77± 1.8
poly(CP-BZ)/E-SBO (20 wt%) 0.051± 0.001 1.7± 0.045 × 10−6 1.31± 0.034 × 10−2 88.60± 1.5
poly(CP-BZ)/E-SBO (20 wt%)/nanoclay (3 wt%) 0.103± 0.003 1.12± 0.033 × 10−6 8.21± 0.251 × 10−3 92.81± 1.2
poly(CP-BZ)/E-SBO (20 wt%)/nanoclay (5 wt%) −0.255± 0.009 2.0± 0.072 × 10−6 5.53± 0.199 × 10−3 87.14± 1.9

Table 4
Parameters obtained from Tafel plots for bare MS and MS samples coated with CH-BZ monomer and poly(CH-BZ) with epoxy and nanoclay at various weight
percentages in 3.5 % NaCl aqueous solution.

Sample Corrosion Potential
Ecorr (V)

Corrosion current density,
Icorr (A cm−2)

Corrosion rate, CR
(mm/year)

Protection efficiency
IE (%)

Blank −0.607± 0.003 1.46± 0.009 × 10−5 1.10± 0.010 × 10−1 –
CH-BZ −0.462± 0.005 1.94± 0.034 × 10−6 8.55± 0.097 × 10−3 87.10± 0.9
poly(CH-BZ) −0.340± 0.005 1.28± 0.036 × 10−6 1.30± 0.021 × 10−2 88.86± 1.4
poly(CH-BZ)/E-SBO (10 wt%) −0.213± 0.004 1.25± 0.043 × 10−6 7.36± 0.144 × 10−3 92.48± 1.9
poly(CH-BZ)/E-SBO (20 wt%) 0.029± 0.0008 6.00± 0.045 × 10−7 6.90± 0.175 × 10−3 96.63± 1.6
poly(CH-BZ)/E-SBO (20 wt%)/nanoclay (3 wt%) 0.360± 0.010 3.22± 0.033 × 10−7 2.70± 0.079 × 10−3 98.16± 1.2
poly(CH-BZ)/E-SBO (20 wt%)/nanoclay (5 wt%) −0.230± 0.008 2.17± 0.072 × 10−6 8.69± 0.301 × 10−3 93.94± 2.0
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epoxy and nanoclay (Fig. S6). We tested these samples in 3.5 wt%
aqueous NaCl at room temperature. Fig. 11(A) and (B) present the Tafel
curves of the bare and coated steel samples.

Tables 3 and 4 summarize the values of Ecorr and Icorr and the CRs
and protection efficiencies. In general, a more negative value of Ecorr
and a higher value of Icorr indicate greater susceptibility toward cor-
rosion, while a more positive value of Ecorr and a lower value of Icorr
indicate low susceptibility toward corrosion [59]. The protection effi-
ciencies of poly(CP-BZ) and poly(CH-BZ) with E-SBO were higher than
that of the neat PBZs, suggesting that presence of the epoxy resin in the
polymer matrices enhanced the coating adhesion with the metal sub-
strate. As a result, the MS samples coated with poly(CP-BZ) and poly
(CH-BZ) containing E-SBO had their corrosion potentials Ecorr shifted to
more positive values, in comparison with those of the neat poly(CP-BZ)
and poly(CH-BZ). The values of Ecorr of poly(CP-BZ) and poly(CH-BZ)
were –0.309 and –0.340 V, respectively; they shifted to more positive
potentials for poly(CP-BZ)/E-SBO (10 wt%) (-0.331 V) and poly(CH-
BZ)/E-SBO (10 wt%) (–0.213 V). These shifts in the values of Ecorr in the
positive direction indicate passivation effects for these coatings [60].
We suspect that the presence of high-density crosslinking and the ali-
phatic chains of the epoxy resin in the coatings markedly improved the

barrier properties of these coatings toward corrosive species. Mean-
while, phenolic OH groups in the PBZs reacted with the epoxide groups
to form a denser polymer network, thereby decreasing the sizes of the
micropores inside the coating matrices as the percentage content of the
epoxy increased. Furthermore, the corrosion potential of poly(CH-BZ)/
E-SBO (20 wt%) (0.029 V) much higher positively than that reported
previously for PBE40-coated MS at a concentration of 180 mg mL–1

(–0.45 V) with a 40 % epoxy content [41]. The CRs of the poly(CH-BZ)/
E-SBO/nanoclay (3 wt%) composites were 2.653 × 10−3 mm year–1,
respectively; these values are much lower than those reported pre-
viously for a poly(Azine-BZ-CH3)/nanoclay(3)/E-SBO coating (9 mm
year–1) [46] and for a bisphenol A–based PBZ (PBA-a) coating at a
concentration of 100 g L–1 (5.75 × 10–3 mm year–1) [61]. Similarly, the
corrosion current of the bare steel sample (1.47 × 10–5 A cm–2) was
much higher than those for the poly(CH-BZ)/E-SBO/nanoclay (3 wt%)
(3.22 × 10-7A cm–2) and poly(CP-BZ/E-SBO/nanoclay (3 wt%) (1.12 ×
10-6 A cm–2) composites. The MS coated with poly(CH-BZ)/E-SBO) in
the presence of 3 wt% nanoclay provided the highest corrosion pro-
tection performance (98.16 %), when compared with the other MS
coated. Also, It was observed that the MS coated with poly(CH-BZ)
showed higher corrosion resistance performance than that of MS coated

Fig. 12. SEM images of (a, b) MS in the absence of any polymer coating, (c, d) MS coated with neat poly(CH-BZ), and (e, f) MS coated with poly(CH-BZ)/E-SBO/
nanoclay (3 wt%) before and after immersion in 3.5 % NaCl.
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with poly(CP-BZ) due to the poly(CH-BZ) providing higher covering in
the system. The positive shift in the values of Ecorr for the poly(CP-BZ)/
E-SBO/nanoclay (3 wt%) composite coatings which are indicates that
the incorporation of nanoparticles (NPs) suppressed anodic reactions on
the steel surface and, thereby, inhibited the entire corrosion process in
the system [62]. In addition, the presence of 5 wt% nanoclay in the
PBZ/epoxy matrices caused negative effects, due to decreases in the
degrees of intercalation of the nanoclay and increases in the saturation
levels of the nanoclay into the PBZ/epoxy matrices, consequently
generating areas of agglomeration that could be identified as weak-
nesses in the polymer coatings [63].

3.7. Surface morphologies

The functionalization of NPs is necessary to achieve their greatest
dispersion within PBZ matrices by maximizing interfacial adhesion
between the polymeric matrix and the NPs [64]. We used SEM to in-
vestigate the surface properties of the bare MS and the MS coated with
the neat poly(CH-BZ) and poly(CH-BZ)/E-SBO/nanoclay (3 wt%)
composites before and after the immersion in 3.5 wt% NaCl aqueous
solution (Fig. 12). The SEM image of the MS in the absence of any
coating revealed a very rough surface with pits and cracks [Fig. 12(a)].
In contrast, the MS samples had smooth surfaces after their coating with
the neat poly(CH-BZ) and poly(CH-BZ)/E-SBO/nanoclay (3 wt%)
composites. The roughness of the surfaces increased when the PBZ
matrices were reinforced with the various weight percentages of the
epoxy and nanoclay, as shown in [Fig. 12(c) and (e)]. The surface of the
MS in the absence of any coating completely damaged after exposure to
the 3.5 wt % NaCl aqueous solution for 30 min [Fig. 12(b)]. As pre-
sented in Figures (d) and (f), the pits and cracks of the MS coated de-
creased after MS coated with neat poly(CH-BZ) poly(CH-BZ)/E-SBO/
nanoclay (3 wt%). These results indicate that MS displayed high cor-
rosion resistance performance in presence of the 20 wt % of E-SBO and
3 wt % of nanoclay.

Fig. S7 presents TEM images of the poly(CH-BZ)/E-SBO/nanoclay (3
wt%) hybrid composites at different degrees of magnification. As seen
in Fig. S7, the presence dark lines and bright regions in these images,
revealing partially exfoliated/intercalated structures for this coating
[65]. The individual silicate layers are dispersed in PBZ/E-SBO matrix.
However, the complete of exfoliation and intercalation are not achieved
due to aggregates of silicate layers [66]. The improvement of corrosion
resistance of PBZ/E-SBO/clay nanocomposite coatings may be attrib-
uted to the well dispersed of clay nanolayers through PBZ/E-SBO net-
work matrix which caused in the increase the barrier properties of
coating and decrease the penetration of water and corrosive ions.

4. Conclusions

We have synthesized the bifunctional BZ monomers CP-BZ and CH-
BZ containing bisbenzylidene moieties and confirmed their structures
using 1H and 13C NMR and FTIR spectroscopy. We used DSC and FTIR
spectroscopy to study the curing behavior of these monomers. The
temperature for ring opening of CH-BZ (198 °C) was lower than that of
CP-BZ (225 °C), suggesting a steric effect. According to TGA, the values
of Td5 and Td10 and the char yields increased significantly upon in-
creasing the curing temperature from RT to 210 °C, due to an increase
in the degree of crosslinking after each thermal curing step. We used
salt-spray and polarization measurements to examine the degrees of
corrosion of coated MS. The presence of E-SBO and nanoclay in the PBZ
composites provided coatings exhibiting excellent adhesion to the MS
surface and high interfacial strength, respectively, leading to these
sample exhibiting the highest corrosion-resistance after exposure to
NaCl solution. The barrier properties of the coatings improved by de-
creasing their permeability and increasing the length of the diffusion
pathways for O2 and water. SEM and TEM confirmed that the clay NPs
were dispersed within the coating matrices. The PBZ/E-SBO/nanoclay

(3 wt%) composite appears to be suitable for use as an MS surface
coating for high-performance anticorrosive coating applications.
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