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Despite recent advances in polybenzoxazines (PBzs), especially of sustainable origin, the lowering of the
curing temperature still remains a challenge in addressing their exploration in low-temperature
processing applications. Innovative iron-based catalysts which are naturally abundant, cost-effective, and
with larger surface area could demonstrate a practical, economic and facile approach for the
development of iron NPs—polybenzoxazine composites. Here we propose an approach to develop
a composite based on smartly-capped iron nanoparticles (NPs) and agro-waste phenolic-sourced
cardanol benzoxazine monomer as a one-step solution with the benefits of lowering the curing
temperature and providing superparamagnetism. NPs are smartly designed with a variation in the nature
of the functionality in the capping agent and are characterized by thermogravimetry analysis (TGA),
Fourier transform infrared (FTIR), powder X-ray diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The NPs showed a spherical shape of ~10 nm in size with
appreciable magnetic characteristics. Both iron ions and available functionalities in the capping agent
endow benefits in lowering the curing temperature of cardanol benzoxazine (64 °C), and enhancing its
maximum thermal stability (34 °C), as determined by differential scanning calorimetry (DSC) and TGA,
respectively. In addition, the nature of the chemical linkages in the polybenzoxazine network and the
initial growth in the molecular weight of the polymer were found to be influenced by iron NPs, as
supported by FTIR, nuclear magnetic resonance (*H-NMR), UV-visible (UV-vis) spectroscopy, and gel
permeation chromatography (GPC). The capping-agent-facilitated NPs distribution in the
polybenzoxazine matrix was determined by atomic force microscopy (AFM). Polymer nanocomposites
even with a 5 wt% loading of NPs showed good magnetic saturation and superparamagnetic behavior.
The present work demonstrated a one-step solution with the incorporation of NPs in a benzoxazine
monomer accounting for modification in the properties of polybenzoxazine composites with the
benefits of magnetism.

shrinkage during curing, low water absorption, a high glass
transition temperature (Ty) and char yield, excellent flame and

Amongst conventional thermoset resins, such as phenol-
formaldehyde, epoxy, and bismaleimides, polybenzoxazines
(PBzs) are an upcoming class of resins with exceptional
performance and versatility at a reasonable cost.* The superior
and attractive properties of PBzs include near-zero volumetric
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chemical resistance, and high mechanical strength. PBzs also
offer low surface energy, excellent dimensional stability with no
release of toxic by-products during curing, a prolonged shelf life
and ease of processability.” In addition, the flexibility of the
synthetic design and ease of monomer synthesis in a one-step
atom-economized manner further facilitate their viability at
the industrial level. Moreover, there is further scope for ben-
zoxazine advancement due to their unique reactive properties
and compatibility with many other resins to produce hybrid
formulations with excellent properties.*

An immense scope for the commercialization of PBzs is
suggested by the rapid increase in expected global demand for
phenolic resin to $16.05 billion by the year 2022.> One of the

J. Mater. Chem. A



Published on 19 January 2018. Downloaded by University of Florida Libraries on 19/01/2018 18:16:29.

Journal of Materials Chemistry A

major raw materials, widely consumed in high tonnages, for
phenolic resin is bisphenol-A (BPA). However, BPA is relatively
resistant to degradation and it is known to induce toxicity by
acting as an endocrine disruptor. It is known that traces of BPA
in resins affect populations of both humans and wildlife, and it
is therefore banned or restricted in its use in several products.*
This led to the imposition of stringent regulations by the
European Phenolic Resins Association (EPRA), Registration,
Evaluation, Authorization and Restriction of Chemicals
(REACH), and the U.S. Environmental Protection Agency (EPA)
on phenolic resin industries. In addition, disputes over carbon
footprints and an escalation in petroleum prices may hamper
the expansion of such industries to the next level. Despite
numerous advantages of PBzs over traditional thermoset resins,
their scope is currently limited due to their dependence on
fossil reserves for phenol, and the requirement for a high curing
temperature (~180-250 °C). Amongst naturally occurring
phenols, cardanol appeared to be an attractive choice, being
a renewable, non-toxic, agro-waste, of non-food origin, and it
may exhibit natural degradation due to being a bio-source. It is
extracted from cashew nut trees which are widely grown in
tropical countries, mainly Brazil, India, and Vietnam. A high
natural abundance with the simplest and inexpensive extraction
methodology and a substantial annual industrial production
(450 000 metric tonnes) is appealing for an exploration of its
potential as a renewable chemical feedstock for polymers.>*
Furthermore, the low viscosity (145 mPa s at 43 °C) of cardanol
is prudential for both solvent-free synthesis and processability
to mitigate issues associated with volatile organic compounds
(VOCs) to a great extent.”® Its environmental compatibility due
to its greener origin, and green processing with cost viability (US
$2000-3000 per metric tonne) is attractive for reaping the
benefits of cardanol at an industrial scale.

In general, the curing reaction of benzoxazine (Bz) mono-
mers is initiated by thermally mediated ring-opening polymer-
ization (ROP) which often demands a higher operating
temperature (=180 °C) which is adverse for both the processing
and the fabrication of PBz composites. Generally, lowering the
curing temperature is tackled by the external addition of cata-
lysts. However, limited success has been achieved so far.
Furthermore, the utility and entrapment of the catalyst may
impose a high operational cost, safety concerns, and mainte-
nance issues which may limit the widespread application of
PBzs. Efforts to lower the curing temperature reported so far
include either modification of the synthetic protocols to engi-
neer the structure of the monomer at a molecular level or
modification of the nature of the curing catalyst along with
miniaturization from macro- to nano-level.” However, the
former process being multi-step is affected by a plethora of
conventional drawbacks: viz. energy-intensiveness, cost-
intensiveness, lengthy solvent-based procedures, plus lower
yields of benzoxazine monomer of the desired purity. While the
latter solution also suffers from limitations caused by the
deterioration of the properties of the cured resin due to
entrapment of the catalyst which slowly leaches out over time,
which has considerably plagued the arena of PBzs. Moreover,
the added catalyst does not enhance any beneficial properties of
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the resin. Despite numerous efforts, neither the temperature
nor the time required for curing Bzs are reduced substantially.
In the synthetic approach, the curing reaction of the Bz
monomer is facilitated at a moderate temperature by altering
the structure of the monomer or by the addition of comono-
mers. This includes enhancement of the number of polymer-
izing oxazine functionalities, and the introduction of covalently-
linked acidic functionalities in the monomer."**** Recently
copolymerization of Bz with elemental sulfur lowered the ROP
with an extension of its utility in Li-S batteries."*** The external
addition of initiators to promote the ring-opening reaction of
the oxazine ring in the monomer is commonly adopted due to
its relative ease and the screening of several types of curing aids
at a time. The initiators explored are phenols, acids, Lewis
bases/acid, metal salts etc.'*'” Metal-mediated Bz ROP reactions
were demonstrated by Ishida et al. using metal halides and
trifluoromethane sulfonates.'® Amongst the complexes, transi-
tion metal acetylacetonate complexes of manganese, cobalt,
and iron were found to be efficacious in exhibiting high catalytic
activity without undermining the thermal stability of poly-
benzoxazines." Previous work suggested that not only is the
metal center controlling the catalytic activity of the initiators,
but even the nature of the associated counter anion showed
a profound role in the Bz ROP. A variety of lithium salts dictated
the degree of monomer conversion along with a lowering of the
curing temperature in PBzs.”>** The formation of oligomers was
indicated at room temperature in 2 days using iron chloride as
a catalyst.>* Further polymerization reactions in Bz monomers
are extended to metal-organic frameworks (MOFs) and nano-
alumina particles, accounting for a lower curing tempera-
ture.”** As compared to a bulk catalyst, the catalytic efficacy in
MOFs and nanoparticles (NPs) primarily occurs due to the
availability of an ultra-high surface area in the former, and both
a higher surface area to volume ratio and nano-confinement
effects in the latter.

Ideally, a -catalyst-free ROP reaction is the preferred
sustainable solution. If this is not feasible, the utility of a cata-
lyst which is naturally abundant, cheap, and possesses low
toxicity, could be a more practical, economic and facile
approach for the polymerization of Bzs. In addition, the
lowering of the curing temperature, and the opening up of
a new arena of applications is of particular interest in our
research group. Magnetic NPs and their polymer composites
find applicability across the spectrum in varied fields, ranging
from sensors, electromagnetic wave absorption, catalysis, and
magnetic resonance imaging, to data storage.”*** The occur-
rence of a higher surface area in NPs, the scope for variation in
the nature of capping agents and the availability of empty d-
orbitals in iron ions are promising features in iron NPs, along
with the benefits of magnetism. This motivated us to explore
the incorporation of magnetic iron NPs as potential curing
promoters with an extension of their applications in the
magnetism domain that is also an attractive sustainable
strategy in renewably sourced PBz.

Knowing the potential and effectiveness of bulk iron salts,
and acidic carboxylic and basic amine group functionalities in
assisting the ROP of benzoxazine, we designed and synthesized
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iron magnetite NPs with and without a coated surface: namely
(Fe)ra, (Fe)ara, and (Fe)o, respectively. The coating on iron NPs
is based on aromatic acids, terephthalic acid (TA) and 2-ami-
noterephthalic acid (ATA), where the former contains two
carboxylic acid groups and the latter contains additional amino
groups along with two carboxylic acids. The carboxylic groups
will stabilize the iron NPs while free unbound functionalities,
carboxylic and/or amino groups, would facilitate the ROP of
benzoxazine. The effect of the coating was studied by
comparing the results with uncoated iron NPs, (Fe),. The NPs
were characterized by powder X-ray diffraction (XRD), Fourier
transform infrared (FTIR), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The effect of the
incorporation of NPs in a cardanol-based benzoxazine mono-
mer was studied by differential scanning calorimetry (DSC),
thermogravimetry analysis (TGA), gel permeation chromatog-
raphy (GPC), XRD and atomic force microscopy (AFM). A
probable occurrence of linkages in the PBz network was sup-
ported by FTIR, nuclear magnetic resonance ("H-NMR), and UV-
visible (UV-vis) spectroscopy. Finally, PBz-iron nanoparticle
composites were analyzed with a vibrating sample magnetom-
eter (VSM) to determine their magnetic properties. Our work
demonstrates that iron NPs serve a dual purpose, viz. a catalytic
effect and the introduction of superparamagnetic behaviour in
the cardanol polybenzoxazine resin, revealing a successful one-
step sustainable strategy for the formation of a low-temperature
curable superparamagnetic renewable phenol-based iron
nanoparticles composite. This study provides new insights for
the further development and design of an efficient nano-
materials catalyst for the formation of PBz polymers and their
utility in specific applications.

Experimental

Materials

Cardanol (p = 0.9272-0.9350 g cm *; iodine value 250; acid
value max 5; hydroxyl value 180-190) was procured from Satya
Cashew Chemicals Pvt. Ltd. (India), paraformaldehyde from
Fisher Scientific, hydrogen peroxide (30% w/v) and chloroform
from Finar, anhydrous sodium sulfate from Chemlabs, sodium
borohydride and p-rosaniline hydrochloride from CDH, ethanol
from Emsure, ferric chloride (FeCl;-6H,0), ferrous chloride
(FeCl,-4H,0), 2-aminoterephthalic acid (ATA), terephthalic acid
(TA), ammonium hydroxide (NH,OH, 28%), ascorbic acid, and
o-phenanthroline were procured from Alfa Aesar. All reagents
and solvents were used as received.

Methods

FTIR spectra were recorded on a Nicolet iS5 spectrometer
equipped with an attenuated total reflectance diamond acces-
sory (iD5-ATR) in the range of 4000-400 cm ‘. Absorbance
measurements were carried out on a Thermo Scientific Evolu-
tion 201 UV-visible spectrophotometer for nanomaterials and
monomer in deionized water and a mixture of tetrahydrofur-
an :water (2:1), respectively. Proton and carbon nuclear
magnetic resonance (‘H- and >C-NMR) of the samples were
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recorded on a Bruker 400 MHz FTNMR spectrometer using
deuterated chloroform (CDCIl;) as solvent and tetramethylsilane
as an internal standard. The curing behavior of the monomers
was evaluated by DSC (TA instruments). For dynamic DSC
scans, samples (5 + 2 mg) were enclosed in hermetic
aluminium pans and heated from 30 to 350 °C at 10 °C min~*
under a nitrogen purge at a constant flow rate of 50 mL min .
Prior to the experiments, the instrument was calibrated for
temperature and enthalpy using standard indium and zinc.
Thermal equilibrium was regained within 1 min. of sample
insertion, and the exothermic reaction was considered to be
complete when the recorder signal levelled off to the baseline.
The characteristic thermal parameters determined were 7;
(initiation of polymerization), T, (onset of polymerization is the
intersection of the tangents of the peaks with the extrapolated
baseline), T}, (peak temperature of the curing profile), and AH
cure (the heat liberated during the curing reaction, i.e. the area
under the curing profile) from the DSC curves. Thermogravi-
metric analysis (TGA) of aromatic acids, NPs, cured monomer
and blends was performed with a PerkinElmer Diamond STG-
DTA in the temperature range 30 to 800 °C and a heating rate
of 10 °C min~ ' under a nitrogen atmosphere at a flow rate of 50
mL min~'. Number- and weight-average molecular weights (M,
and M,,) and polydispersity index (PDI = M,,/M,,) were estimated
by GPC using a Viscotek Model 305 TDAmax with a refractive
index detector. The GPC system was calibrated with polystyrene
standards and data were analyzed using Omnisec software.
Samples were dissolved in tetrahydrofuran solvent (3-4 mg
mL ") and filtered through a 0.2 pm polytetrafluoroethylene
filter before injection. XRD analysis was performed on a Bruker
D8-Discover using Cu-K, radiation (A = 0.154 nm) to charac-
terize the nature of the NPs and to determine their size. AFM
(PARK, XE-007) in tapping mode, field emission scanning
electron microscopy (FESEM, Carl Zeiss Ultra 55) and high-
resolution transmission electron microscopy (HRTEM, JEOL-
2100F) were used to determine the surface distribution of NPs
in a polymer matrix, and the morphology of the NPs. The
magnetic characterization was performed on a vibrating sample
magnetometry (VSM) probe at an applied field of 1.5 tesla at
room temperature from Cryogenic Ltd. Saturation magnetiza-
tion (Ms) was obtained by the linear extrapolation of magneti-
zation vs. the inverse of the magnetic field. Residual magnetism
(Mg) is the magnetization left behind in a magnetic material
after an external magnetic field has been removed: ie. the
magnetic flux density that remains in a material when the
magnetizing force is zero.

Synthetic procedures

Synthesis of C-trisapm. Synthesis of benzoxazine monomer
(C-trisapm) has been adapted from the literature.>® To a solu-
tion of p-rosaniline hydrochloride (0.50 g, 1.54 mmol) prepared
in ethanol (40 mL), sodium borohydride (0.53 g, 14.00 mmol)
was added in two lots with continuous stirring in an ice bath.
The reaction continued until a colour change from deep pink to
yellow was noticed. Upon completion, the reaction was
quenched with the addition of water (75 mL) to form a yellow
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precipitate of amine, trisapm which was separated by simple
filtration. Yield 84%. FTIR-ATR (diamond crystal/cm™"): 3336,
3203, 3029, 1608, 1507, 1267, 815, 770; ‘H-NMR (400 MHz,
CDCl;, 6 ppm): 6.88 (d, 6H, ArH), 6.59 (d, 6H, ArH), 5.24 (s,
Ar;CH), 3.56 (br, s, 6H, -NH,); LC-MS (ESI interface-positive
ions): [M + H]' 290.1651 (290.1613). A mixture of cardanol
(1.56 g, 5.18 mmol), paraformaldehyde (0.31 g, 10.36 mmol) and
trisapm (0.50 g, 1.72 mmol) was heated at a temperature of
90 °C for 5 h. C-trisapm was obtained as a viscous brown oil.
Yield 80%; FTIR-ATR (diamond crystal/cm™"): 3007, 2923, 2852,
1657, 1615, 1508, 1255, 1198, 1109, 1040, 990, and 960; "H-NMR
(400 MHz, CDCl;, 6 ppm): 0.89 (CHj, t), 1.30 [(CH,),, m], 1.57,
2.02 (CH,CH=, m), 2.50 (CH,AT, ), 2.78 [CH,(CH=),, m], 4.55
(s, ArCH,N-), 5.26-5.35 (m, CH=, CH,=CH-, -OCH,N-, HC=
CH,, Ar;CH); ">C-NMR (100 MHz, CDCl;, ppm): 50.32 (ArCH,N-
), 54.5 (Ar;CH), 79.52 (-OCH,N-); LC-MS (ESI interface-positive
ions) [C—trisapm]*: 1268.8966, 1267.8904, 1266.8904 1265.8816,
1264.8783, 1263.8689, 1262.8649, 1261.8551 (monoene:
1267.9408, diene: 1261.8938, triene: 1255.8469).

Synthesis of nanoparticles (Fe),, (Fe)rs, and (Fe)yrs. Iron
nanoparticles were synthesized using the chemical co-
precipitation method, according to the reported procedure.*”
In brief, FeCl;-6H,0 (2.8 g, 10.35 mmol) and FeCl,-4H,0 (1.0 g,
5.02 mmol) were dissolved in deionized water (50 mL) in 2.06 : 1
molar ratio. The so-formed yellow solution was stirred (~400
rpm) with heating at 80 °C for 1 h under a continuous flow of
nitrogen atmosphere to minimize air oxidation of Fe(u) ions. To
this, aqueous ammonium hydroxide (23% w/v, 6 mL) was added
rapidly to attain a pH of 10-11. During addition of ammonium
hydroxide, the reaction mixture became viscous; therefore the
stirring speed was increased to ~1000 rpm to ensure homoge-
nization. The resultant suspension was stirred vigorously for
another 1 h at 80 °C and then allowed to cool to room
temperature. The obtained suspension was filtered and washed
with an ethanol : water mixture (3 : 1, 45 mL X 2). The solvent
was removed under a rotary evaporator in vacuum at 50 °C to
yield uncoated iron nanoparticles (Fe), as a black powder (2.5
g)-

Similarly, TA- or ATA-coated iron nanoparticles, namely
(Fe)ra or (Fe)ara, were synthesized by adding 1.9 g of tereph-
thalic acid (TA) or 2-aminoterephthalic acid (ATA) along with
FeCl;-6H,0 (2.8 g) and FeCl,-4H,O (1.0 g) in the above proce-
dure, respectively. The coated NPs, (Fe)p, and (Fe)ara were ob-
tained as dark brown powders with yields of 2.5 g and 2.9 g,
respectively.

Preparation of blends. The suspension of each type of
nanoparticle (5 wt%) in chloroform (5 mL) was bath sonicated
for 1 min. before its addition to a rapidly stirred viscous oil of C-
trisapm. The blend was stirred for 10 min. before being kept in
avacuum oven at 40 °C for 1 h. The mixture was homogenized at
regular intervals of 10 min. to remove any trapped solvent. The
so-obtained resultant blends are abbreviated as C-trisapm(Fe),,
C-trisapm(Fe)rs and C-trisapm(Fe)ara, according to the nature
of added NPs: i.e. (Fe)y, (Fe)ra, Or (Fe)ara, respectively.

Thermal polymerization of monomer and blends. 50 mg of
neat monomer or its blend with iron NPs (5 wt%) was placed in
each of a set of 10 test-tubes and kept in a preheated oil bath at
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150 °C under a nitrogen atmosphere. The test tubes were taken
out from the oil bath one-by-one at intervals of 30 min. over
a period of 8 h. The withdrawn test tubes were allowed to cool to
room temperature before any analysis. The contents of the test
tubes were dissolved in the desired solvent (deuterated vs. non-
deuterated) and pre-filtered followed by analysis by "H-NMR,
UV-vis and GPC. The former techniques were used to deter-
mine any structural and absorption change in the monomer
while latter is used to estimate M, and M, to determine the
growth in molecular weight of the monomer, if any. In order to
assist the solubility of the formed polymer, the mixture was kept
in the solvent overnight at room temperature before recording
any analysis.

Quantitative estimation of released Fe(u) ions by nano-
particles. Iron NPs (50 pg, 1 mL) were reduced by ascorbic acid
(10 mM, 1 mL) and then reacted with o-phenanthroline (0.1%, 1
mL) at room temperature. The reaction mixture was diluted
with distilled water to keep a total volume of 5 mL. The
complexation reaction was monitored by recording the UV-vis
spectra of the so-formed red-colored complex at different time
intervals.*® The observed absorbance intensity of the complex at
Amax 512 nm was correlated with the concentration of iron ions,
using the standard curve of FeCl; (y = 0.00479x + 0.05797, R* =
97.03%).

Oxidative polymerization of C-trisapm monomer. The
oxidative polymerization of C-trisapm was performed using
(Fe)o and hydrogen peroxide as a catalyst and an oxidizing
agent, respectively, at room temperature under an air atmo-
sphere. In a vial, (Fe), (1 mg mL ™', THF, 5 wt%) was bath-
sonicated for 30 s before adding a solution of C-trisapm
(19 mg mL™", THF) and hydrogen peroxide solution (30% wi/v,
40 pL in 1 mL of distilled water). The time of addition of the
monomer was taken as ¢ = 0 for the reaction. The progress of
the reaction was monitored by recording the UV-vis spectra of
aliquots (50 pL) withdrawn from the reaction mixture in
distilled water (3 mL).

Results and discussion

Benzoxazine monomer synthesis requires three reagents,
namely phenol, amine and formalin, which condense mainly in
presence of solvent. On account of its sustainability, the utility
of its agro-waste origin and its reactive diluent properties, car-
danol is an ideal phenolic feedstock for the solventless prepa-
ration of the Bz monomer. Cardanol is derived from the thermal
treatment of cashew nut shell liquid, which in turn is processed
from the outer mesocarp of the cashew fruit (Anacardium
occidentale L.). The amine (trisapm) component of the benzox-
azine is chemically reduced p-rosaniline hydrochloride, which
is a widely-explored organic dye at the industrial level. The
presence of three primary amine functional groups in trisapm is
beneficial to forming three oxazine rings in the Bz monomer.
The monomer was synthesized by Mannich-like condensation
reaction of trisapm and cardanol, adapting the solventless, one-
pot methodology to form C-trisapm in quantitative yields
(Fig. S17). The "H-NMR (Fig. S2at) of C-trisapm suggests its
successful synthesis and the formation of an oxazine ring is
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indicated by signals at 4.55 ppm (labelled as “a”) and in the
region 5.35-5.26 ppm (labelled as “b”) due to the formation of
ArCH,N- and -OCH,N- linkages. ">’C-NMR (inset, Fig. S2at)
further confirms its formation due to the appearance of char-
acteristic signals at ~50.3 ppm and ~79.5 ppm due to ArCH,N
and ArOCH, N, respectively. The FTIR spectrum (Fig. S2bt) of C-
trisapm showed the characteristic C-O-C asymmetric and
symmetric stretches at 1255 cm™ " and 1040 cm™ ', suggesting
condensation of the phenolic -OH of cardanol and the -NH,
group of trisapm. The existence of a higher number (three) of
reactive oxazine functionalities in C-trisapm accounts for its
benefits of a faster curing potential and high conversion rates
amongst its cardanol-derived contemporaries.”® The utility of
cardanol benzoxazines may still be affected by their higher ROP
temperature, and efforts to mitigate the requirements for
a higher curing temperature can be tackled with smart solu-
tions. So far, curing promoters, in general, aided in lowering the
curing temperature in Bzs, which remain trapped within the
cured PBz matrix, damaging the properties of the polymer over
time. Recent evolution and advances in the utilities of polymers
demand a one-step solution: i.e. besides lowering the curing
temperature, an additional benefit in a property or application
will be advantageous in minimizing extra processing steps. For
this reason, iron NPs are a versatile choice and are expected to
lower the curing temperature and impart magnetic properties to
a sustainable cardanol-based PBz matrix.

Amongst available NPs synthetic methods, chemical prepa-
ration via co-precipitation is the most commonly adopted
strategy due to its simple, amenable, cost-effective, and efficient
protocol. The process allows an ease of control of reaction
parameters to vary the composition and shape of NPs.* Iron
oxide NPs were synthesized by base-mediated co-precipitation
of aqueous solutions of Fe** and Fe** ions (Fig. 1).

The chemical oxidation of NPs can be averted by surface
modification and capping agents to provide the benefits of
stability, ease of dispersion in solvents, compatibility with the
organic matrix to mediate their processing and further func-
tionalization. Previous reports on Bz polymerization suggested
—-COOH and -NH, groups as potential catalysts to assist ROP,
and in addition, both groups are polar in nature, which may
assist their dispersion in the monomer via dipolar interactions.

O Bare i E

ey (Felo —_—
COOH .
o 2

HE

O
| i

ues
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0 min. 30 min.

FeCl, + 2FeCl; + 80H" .

COOH

(Fe)ara

Fig. 1 Generalized synthetic scheme of three types of synthesized
iron NPs, with digital images of their aqueous suspension
(2.5mg mL™Y).
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Therefore synthesized NPs were capped with organic aromatic
acids, terephthalic acid (TA) and aminoterephthalic acid (ATA),
possessing carboxylic acid groups to undergo a covalent reac-
tion at the surface of magnetite to form (Fe)p, and (Fe)ara. In
addition, bare NPs were also synthesized without a coating on
their surface, (Fe),, to study both the role of coating and the
availability of a reactive iron surface in benzoxazine polymeri-
zation. In general, the absence of organic functionalities in
unmodified NPs is well known to drastically affect the proper-
ties of polymer nanocomposites due to their aggregation. The
stability of the suspension of synthesized iron NPs is evident
from the digital images (Fig. 1). (Fe), nanoparticles almost
settled within 30 min., followed by (Fe)ra, then (Fe)sra. This
gravity settling can be explained on the basis of the absence of
any stabilizing hydrophilic coating in the former, while the
surfaces of the latter NPs possess a polar carboxylic or/and an
amine functionality which can extend polar interactions with
both C-trisapm monomer and processing solvents.

The existence of a coating, the nature of the functionalities,
and the molecular composition of the NPs were confirmed by
FTIR spectra (Fig. 2a). The appearance of a peak at 585 cm ™" is
apparent in all the synthesized NPs and is related to the Fe-O
stretch.®® The presence of a broad band at 3200-3600 cm ™’
indicated the presence of surface hydroxyl groups on iron,
bound water, and N-H due to amine groups (in the case of ATA-
coated NPs). The O-H stretch due to carboxylic groups appeared
in the region 2500-3000 cm ™ '. The lower intensity, broadness
and the absence of certain peaks in the 2500-3600 cm ™' range
are evident in the case of (Fe), NPs. The presence of a capping
on (Fe)r, and (Fe)ara was suggested by the aromatic C-H stretch
of TA and ATA centered at 3132 and 3023 cm™". The carboxylic
group of the capping agents, i.e. TA and ATA, can be bound to
the Fe ions in NPs either through the two O atoms of a carbox-
ylate ion and/or by one O atom alone to form Fe-O-C linkages.
The existence of a carboxylate ion is indicated by the presence of
symmetric and asymmetric stretches due to C-O centered in the
regions of ~1408 cm™' and ~1552 cm™ ', respectively. The

(a) (b)
(Felara
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Wavenumber (em™)
o h ’.-s-..'r R}

Fig. 2 Characterization of iron NPs: stacked (a) FTIR and (b) XRD
spectra; (c) SEM and (d) TEM images of (Fe)ata NPs.
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unbound and free carboxylic acid groups are evident in the
region centered around 1680 cm™ " due to the C=O stretch of
the carboxylic group. In addition, O-H bending vibrations due
to water molecules around the NPs also appeared in the region
1600-1700 cm ™ *.** The existence and prominent nature of IR
peaks due to the surface functionality in (Fe)r, and (Fe)ara
suggested the presence of a coating on their surfaces.

The structural phase composition of iron NPs was studied
using XRD (Fig. 2b). The peaks of synthesized iron NPs matched
well with the magnetite (Fe;0,) NPs PDF data [JCPDS no. 01-
086-1343]. In the case of (Fe), a very intense peak at 32.56 (420)
plane [JCPDS no. #00-016-0653] along with the corresponding
XRD peaks confirm the co-existence of maghemite (Fe,Oj;)
structures. The co-formation of maghemite with magnetite is
attributed to the aerial oxidation of Fe** ions to form Fe*" ions
due to the high surface activity of their uncoated surface.?® It is
worth mentioning that, even though all the NPs are synthesized
with the same feed ratio of Fe*"/Fe*", the corrosion in (Fe), NPs
explains the change in its chemical composition, accounting for
a higher content of Fe** at the expense of Fe>". This accounts for
the change in the composition of (Fe), NPs, which contain
a relatively higher concentration of Fe** ions compared to (Fe)ra
and (Fe)ara. The formation of maghemite can be relatively
avoided by capping agents in NPs, which is evident from the
absence of a peak at 20 = 32.56° in (Fe)rs and (Fe)ara. XRD
peaks are broad, suggesting the smaller crystallite size of the
Fe;0, particles. The average crystallite size of different NPs was
calculated from the Debye-Scherrer equation using the peak at
311 at 260 = 35.48°. The size varies from 9.4, 9.1 to 8.4 nm for
(Fe)o, (Fe)ra and (Fe)ara, respectively, suggesting the role played
by the capping agent in stabilizing the smaller size.

Fig. 2c and d show the SEM and TEM images of the repre-
sentative iron NPs. From the images, it can be seen that the NPs
are spherical in shape with a narrow particle size distribution,
suggesting a nearly monodispersed system. A mean diameter of
~10 nm is observed, which corroborates the XRD results well.

The amount of coating on the surface of the NPs was deter-
mined by thermogravimetry analysis (TGA), Fig. 3¢c. A mass loss of
only 5% was obtained in uncoated (Fe), NPs when heated from 50
to 800 °C, which is attributed to the removal of physico- and
chemi-adsorbed water molecules. However, coated NPs showed
a small mass loss in the 100-200 °C range which is due to the loss
of physico-sorbed water, hydrogen bonded due to the polar
nature of the NP surface. The total% mass loss follows the order
(Fe)o < (Fe)ra < (Fe)ara. The char yield (Y.) at 800 °C of (Fe)ra and
(Fe)ara was found to be 79 and 73%, suggesting the amounts of
capping agent as 16 and 22%, respectively. A higher percentage of
organic coating in (Fe)ara along with a higher number of surface
functionalities [amine and carboxylic groups as compared to only
a carboxylic group in (Fe)r,] also accounts for the higher hydro-
philicity and stability of the aqueous dispersion, which is in good
agreement with the digital images in Fig. 1.

Blends of cardanol benzoxazine with NPs

Blends of C-trisapm loaded with the various types of synthe-
sized nanoparticles, (Fe)o, (Fe)ra, and (Fe)ara, were prepared.
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Fig.3 Thermal characterization of NPs, monomer and their blends (a)
DSC of blends; (b) TGA of cured polymer nanocomposites; DTG
curves of (c) cured polymer nanocomposites, and (d) NPs.

Cardanol benzoxazine was found to be insoluble in organic
solvents, such as methanol, ethanol, water, acetonitrile, or
DMSO, but soluble in tetrahydrofuran and chloroform. More-
over, the dark color of the cardanol benzoxazine solution was
found to obscure the visualization of the NPs. This affected the
determination of their dispersion stability in the monomer
solution. Therefore, digital images of both iron NPs and their
blend with cardanol benzoxazine in chloroform and tetrahy-
drofuran are recorded (Fig. S371). Interestingly, iron NPs showed
a good dispersion in polar organic solvents, such as chloroform
and tetrahydrofuran. It is reported that the stability of
a dispersion of NPs is dictated by the nature of the coating,
nanoparticle size, composition, and solvents. The choice of
solvent further depends upon its polarity (extent of hydrogen
bonding), surface tension and viscosity,**** which influence the
stabilizing forces of interactions. The lower viscosity (tetrahy-
drofuran 0.46 vs. chloroform 0.54 mPa s at 25 °C)** and tetra-
hydrofuran's ability to form a relatively higher H-bonding
network than chloroform are found to be responsible for
stabilizing the dispersion of synthesized iron NPs. All the
synthesized NPs showed a respectable stability of dispersion,
which is higher in tetrahydrofuran than in chloroform.

The properties of blends and so-formed polymers PC-
trisapm(Fe),, PC-trisapm(Fe)ps, and PC-trisapm(Fe)ary were
compared with each other and with respect to pristine mono-
mer and PBz polymer. A smaller loading of NPs, i.e. 5 wt%, is
chosen to study their catalytic role in the Bz ROP reaction, if
any.

The curing behaviour of all blends and of neat monomer was
studied by DSC (Fig. 3a) and the results are summarized in
Table 1. The curing temperature of as-synthesized C-trisapm
benzoxazine monomer showed a T; of 207 °C. The addition of
(Fe)o NPs in C-trisapm decreased T; to 170 °C, which is attrib-
uted to the catalyzing effect of iron via co-ordination with the
oxazine ring, thereby facilitating the ring-opening reaction.*

This journal is © The Royal Society of Chemistry 2018



Published on 19 January 2018. Downloaded by University of Florida Libraries on 19/01/2018 18:16:29.

Paper

Table 1 Thermal characterization of NPs and blends
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Decrease in

AH AH Y, at
Sample Ti(C) To(°C) T,(°C) (g ) Ti(C) T,(°C) (g ") Ts%(°C) Tiow (°C)  Tmax (°C) 800 °C (%)
C-Trisapm 207 254 272 108 — — — 387 421 442 28
C-Trisapm(Fe), 170 206 246 71 37 48 37 320 376 476 31
C-Trisapm(Fe)ry 147 172 218 83 60 54 25 306 365 471 29
C-Trisapm(Fe)ar, 143 190 222 89 64 50 19 340 386 470 22
(Fe)o — — — — — — — 655 — — 95
(Fe)ra — — — — — — — 198 282 214; 274; 432 79
(Fe)ara — — — — — — — 173 240 203; 246; 463; 722 73
TA — — — — — — — 293 309 353 0
ATA — — — — — — — 278 289 310 0

The addition of (Fe)ry and (Fe)sra in C-trisapm to form C-
trisapm(Fe)r, and C-trisapm(Fe)ara further shifted T; to a lower
temperature of 147 °C and 143 °C, respectively, indicating the
enhancement in catalytic efficiency of NPs due to the capping
agent. Previous reports suggested that the incorporation of
carboxylic group functionality in the structure of benzoxazine
monomer is an effective design strategy to reduce the temper-
ature of the ROP in the Bz monomer. The presence of such
a carboxylic group is found to catalyze the ring opening via
a cationic mechanism with a considerable lowering in curing
temperature and simultaneously accounts for an in situ
enhancement in crosslink density of the PBz network.'>*® In
contrast, exploration of the benzoxazine monomer with
inherent carboxylic acid functionality as a stabilizing layer for
Fe;O, nanoparticles accounted for an increase in curing
temperature from 166 °C to 190 °C.*” This can be explained by
the fact that the monomeric carboxylic groups might be
involved in the stabilization and coating of nanoparticles and,
hence, are unavailable for catalyzing the polymerization reac-
tion. In our case, aromatic acids used to coat iron NPs, i.e. (Fe)pa
and (Fe)ara, possess two carboxylic functionalities, where one
-COOH is expected to stabilize the NPs and the other is exposed
at the periphery and is available to catalyze the ROP of C-
trisapm. Furthermore, structurally (Fe)yra possess an addi-
tional surface amine functionality on its surface along with
carboxylic groups which accounted for the greatest lowering in
curing temperature, consistent with the literature.*® Under-
standing the catalytic effect of NPs in the ring-opening reaction
of the oxazine ring in C-trisapm is guided by the availability of
three species, namely iron ions, -COOH and -NH, groups, and
their abundance follows the order (Fe), < (Fe)ra < (Fe)ara, which
correlates well with the lowering of curing temperatures by 37,
60 and 64 °C, respectively. A reverse trend is observed in the
heat of curing reaction (AH) values and is lowered by 37, 25, and
19 ] g ', which is attributed to the unreactive content of NPs.
This variation in AH may be accounted for by the amount and
nature of capping agent in the NPs. Bare (Fe), NPs showed
a maximum lowering in AH value due to the absence of capping
agent.

TGA thermograms of NPs, neat polymer and their polymeric
blends were recorded (Fig. 3b and Table 1) to explore the effect

This journal is © The Royal Society of Chemistry 2018

of incorporation of NPs on the thermal stability of polymers. PC-
trisapm showed a mass loss of 10% (Tyoe) at 421 °C while
incorporation of NPs reduces it to lower temperatures. This
could be accounted for by the existence of thermally labile
linkages, functionalities such as capping agents and pendant
groups which are not part of the crosslinked network. The TGA
of aromatic acids (TA and ATA) was also recorded, to analyze the
effect of the nature of the coating on the NPs on the thermal
stability of the polymers. TGA and DTG traces (Fig. S4t1 and
Table 1) revealed a higher decomposition temperature for TA
than for ATA. The maximum decomposition temperatures
(Tmax) observed for TA and ATA were found to be 353 °C and
310 °C, respectively. A higher thermal stability of terephthalic
acid than 2-aminoterephthalic acid could be attributed to the
presence of a higher number of labile functionalities in ATA vs.
TA (3 vs. 2). Interestingly, PBz resin cured with (Fe)r, and (Fe)ara
showed the reverse behaviour: i.e. a higher temperature for 5%
(Ts9) and 10% (Tq9,) mass loss was observed with (Fe)ara-cured
monomer than with (Fe)ra. This suggests the involvement of
both amino and carboxylic functionalities in extending the
formation of a dense polymer network, which is in accordance
with the literature.* In cured resins, the Ty, is shifted to the
higher temperature upon incorporation of NPs, suggesting the
formation of a different and more stable crosslinked network
structure with varied and thermally stable linkages in the
developed polymer (Fig. 3c). In general, PBz led to the formation
of phenolic structures linked by Mannich bridges due to the
thermally assisted ROP of oxazine rings. The T,y in PC-trisapm
is in accordance with the literature, suggesting the predomi-
nance of phenolic Mannich bridges.>® The existence of aryl-
amine Mannich linkages,” N,O-acetal linkages' and the
formation of carbonyl structures*' are also reported to affect
thermal stability. It is well known that N,O-acetal linkages tend
to undergo a thermal rearrangement reaction to form more
thermally stable linkages and such reactions are further facili-
tated by the presence of iron salts.>” The formation of N,0-acetal
linkages is favored in sterically hindered and ortho-blocked
phenolic compounds.**** It is probable that iron being a d-
block transition metal may account for the formation of
a network via bonding to heteroatoms O/N in the monomer and
the polymer and may account for interconversion/formation of

J. Mater. Chem. A



Published on 19 January 2018. Downloaded by University of Florida Libraries on 19/01/2018 18:16:29.

Journal of Materials Chemistry A

a more thermally stable network and with a shift in maximum
weight loss temperature to a higher temperature. In PBzs, the
evolution of amines preceded phenol and formerly occurs at
a lower temperature <400 °C.** A relatively higher amount of
aniline is liberated during pyrolysis of thermally cured polyBA-
a and a substantial reduction in release of aniline is observed
when BA-a monomer is cured with FeCl; catalyst.>” Similarly, we
may also expect lower amine loss in the thermal degradation of
iron NPs cured PBz resin. The analysis of thermally degraded
products has not been performed currently and demands
a further systematic study, which we may pursue in the near
future. The smaller% mass losses at lower temperature can be
understood from DTG traces of the cured resins and NPs (Fig. 3c
and d). The lower temperature mass losses may be attributed to
the liberation of the coating on the NPs from the polymer
matrix, as observed from the inset of Fig. 3d. The char yield of
neat polymer, i.e. PC-trisapm, is increased by curing with (Fe),
NPs, but it is lower in the presence of coated NPs, i.e. (Fe)r, and
(Fe)ara. The char yield was found to be lowest in the case of
(Fe)ara-cured PBz resin, PC-trisapm(Fe)yra, which can be
correlated with a higher amount of coating on its surface.
Polymer blends were cured and studied by XRD to under-
stand the incorporation of NPs and their crystalline structure in
the polymer matrix. XRD peaks corresponding to Fe;O, NPs
were inconspicuous, which is due to their relatively lower
loading (5 wt%) in the polymer matrix (Fig. 4a and b). In addi-
tion, a broad hump of the polymer at 26 = 20.09° is observed
due to the formation of amorphous PC-trisapm domains by the
ROP reaction. The size of the NPs in the PBz matrix was evalu-
ated and a meagre increase in their crystallite size of 0.5-2 nm
in the polymer matrix was observed, suggesting negligible
aggregation and effective compatibilization of NPs in the cured
resin. Surprisingly, a minimal change in size of bare (Fe), NPs is
observed, suggesting that C-trisapm may also assist in the
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Fig. 4 (a) XRD pattern (inset shows XRD of neat PC-trisapm) and (b)
crystallite size of nanoparticles in cured PBz resins; (c) 3D images of
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(inset shows 2D images of 2 um? area, surface features with different
grains sizes of NPs in the polymer matrix).
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stabilization of NPs via co-ordination through O or N atoms of
oxazine functionality in a similar manner to externally organic
acid coated NPs.

The surface of cured resins with different iron NPs, namely
PC-trisapm(Fe),, PC-trisapm(Fe)r,, and PC-trisapm(Fe)ara, was
characterized using AFM to clarify the features of nanoparticles
at the blend surfaces. This technique provides the surface
topography of the grains formed due to the agglomerated
nanoparticles. The 2D and 3D surface topography images for
the polymer composites are shown in Fig. 4c. A uniform
distribution of (Fe)spa nanoparticles in the monomer was
observed in comparison to (Fe), and (Fe)pa NPs, which can be
explained by the coated and uncoated surfaces. Moreover,
a lower tendency for agglomeration in (Fe)sra is accounted for
by the higher amount of coating and the highly polar nature of
the surface functionality. The grain size of (Fe), and (Fe)ra, and
(Fe)ara NPs in the PBz matrix was found to be in the range of 20-
300 nm, 25-400 nm, and 20-300 nm, respectively (Fig. S51).

Mechanistic aspect studied by FTIR, UV-vis, NMR and GPC

The mechanism of polymerization and the nature of the link-
ages in the NPs-catalyzed ROP of C-trisapm were studied by
FTIR, UV-vis, NMR and GPC.

Isothermal FTIR analysis of cured C-trisapm in the presence/
absence of NPs was recorded at 150 °C after 2 h (Fig. 5a). The
methyl group of the alkylene chain in cardanol at 2922 cm™*
was selected as an internal standard and all the spectra were
normalized at this wavenumber to assist the comparison. The
characteristic absorption bands in C-trisapm due to C-O-C in
the oxazine ring is observed at 1255 cm ™" (intense, asymmetric
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Fig. 5 Characterization of blends, C-trisapm after heating at 150 °C
for 2 h (a) normalized transmission FTIR absorption spectra; (b) change
in the intensity ratio of the ArCH,N peak with respect to the methyl
peak of the alkylene chain in the cardanol ring; (c) normalized UV-vis
spectra of leached out low molecular weight species in cured resin in
DMSO as solvent (inset shows UV-vis spectra at 5 h); (d) normalized
GPC chromatograms at room temperature.
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stretch) and 1040 cm ™" (weak, symmetric stretch), respectively.
During ROP, the oxazine ring opens up to form a polymer
network, which is reflected as a decrease in intensity at these
two bands, allowing them to be the most easily and widely
monitored stretching frequencies in the Bz polymerization
reaction. The FTIR spectrum of C-trisapm monomer upon
thermal treatment (at 150 °C) showed no characteristic change
within 2 h, which is attributed to its much higher ROP
temperature, as determined by DSC. The presence of iron NPs
in the monomer accounted for a substantial change in the FTIR
spectrum of C-trisapm at 150 °C, which is consistent with the
DSC results. Compared to as-synthesized C-trisapm, its blend
with NPs showed a significant broadening of the peak at
1255 cm ™', while the peak at 1040 cm™ " had nearly disappeared
in 2 h. The enhancement in curing time to 5 h shows no
significant decrease in the intensity of the peak at 1255 cm™*
(Fig. S6t). This suggests the pronounced effect of iron NPs on
C-0-C stretching frequencies only within the first 2 h of heat-
ing. Simultaneously, the peaks centered at 1109 cm™ ' and
960 cm ! due to the C-N-C stretch and out-of-plane bending
vibrations of the oxazine ring** were significantly reduced in
intensity. The percentage change in C-O-C and C-N-C
stretches with the addition of iron NPs is shown in Fig. S7.f
Furthermore, the development of new peaks at 1130 and
1280 cm ' was observed, while no such alterations were
observed in the case of neat C-trisapm during the same time
duration (inset in Fig. 5a). These new peaks are attributed to
C-0-C and C-N-C stretches due to the coordination of hetero-
atoms with the Fe’*/Fe** ions present in NPs via Lewis acid-
base interaction, which is consistent with the literature.*® It is
worth mentioning that the amount of iron loading is only 5 wt%
w.r.t. monomer in the present system. Therefore, it can be
visualized that not all C-O-C and C-N-C functionalities present
in the ring-opened PBz will be linked to iron NPs. It may consist
of coordinated and uncoordinated C-O-C and C-N-C bonds to
the iron NPs. Such coordination acts as crosslinks which can be
extended both inter- and intra-molecularly in a random manner
to enable a chelating effect. A shift in C-O-C and C-N-C
stretches towards higher energy is apparent as an increase in
bond order due to co-ordinatively linked hetero-atoms with an
enhancement in rigidity.*” In addition to other linkages, these
coordinative linkages may also be responsible for a higher
thermal stability (Tyay) in iron-containing PC-trisapm. In
general, linkages formed across the PBz network due to the ring-
opening reaction of the oxazine ring leads to a higher amount of
substitution at the benzene ring of cardanol in the C-trisapm
monomer. The probable linkages include phenolic Mannich,
arylamine Mannich, and N,O-acetal type with tetra-, tri/tetra-,
and tri-substituted benzene ring in PC-trisapm, respectively.
The peaks at 1615 cm™ ' and 1360 cm™ " are attributed to the
formation of tri- and tetra-substituted benzene rings respec-
tively.*®* Upon heating, a significant increase in the intensity of
1615 cm ' and a new peak at 1360 cm ' (inset to Fig. 5a)
developed with relatively much smaller intensity changes in
iron NPs monomer blends. There is no peak corresponding to
a tetra-substituted benzene ring in iron-free C-trisapm cured for
the same duration, ie. 2 h, suggesting no ROP in neat C-

This journal is © The Royal Society of Chemistry 2018
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trisapm. In the iron monomer blends, a significant
percentage increase in the intensity of 1615 cm ™" but a relatively
a meagre change in intensity at 1360 cm™ ' are observed
(Fig. S8f), suggesting the predominance of tri-substituted
benzene ring linkages in the polymer. To study whether the
1360 cm ™' stretch develops in as-synthesized C-trisapm, the
curing time was prolonged to 8 h. Surprisingly, initially a peak
at 1371 cm ™ ' is observed, which shifted to 1367 cm™* then to
1360 cm ™' when heated for 2, 5 and 8 h, respectively (Fig. S91). A
further increase in time led to an enhancement in the peak
intensity at 1360 cm™ ' with no relative shift in wavenumber.
However, in the presence of iron-cured samples, the 1360 cm™*
peak only developed within 2 h (inset of Fig. 4a), which is
probably due to the formation of the tetra-substituted benzene
ring in Bz monomer polymerization and is attributed to the
occurrence of phenolic-Mannich and arylamine linkages.
Moreover, tetra-substitution at the benzene ring can be envis-
aged if the monomer is susceptible to oxidative polymerization
in the presence of iron, forming biphenyl linkages in the poly-
mer. The percentage change in the intensity of both tri- and
tetra-substituted benzene ring FTIR stretch follows the order C-
trisapm < C-trisapm(Fe)sra < C-trisapm(Fe), < C-trisapm(Fe)ra
(Fig. S87). The predominance of N,0O-acetal linkages over tradi-
tional phenolic Mannich structures is indicated in NPs-
mediated polymerization.

The progress of the oxazine ring-opening reaction in the C-
trisapm monomer can be analyzed by time-dependent moni-
toring of the decrease in intensity due to ArCH,N and ArCH,O
protons by "H-NMR spectroscopy. Simultaneously, the devel-
opment of new signals due to the formation of polymer and
associated linkages in the PBz network can be monitored. The
changes in the magnetic environment of >CH, in phenolic
Mannich, arylamine Mannich, and phenoxy N,0-acetal linkages
is supported by signals in the regions 3.5-4.0, 3.80-4.2 and 4.0-
4.4 ppm, respectively.?*?> Time-dependent normalized "H-NMR
spectra of C-trisapm and its blends with various iron NPs were
recorded after heating at 150 °C (Fig. S10t). As compared to
blends of NPs with the monomer, neat C-trisapm NMR showed
neither changes in the intensity of ArCH,N, ArCH,O signals nor
the appearance of new signals in the range 3.5-4.4 ppm after
7 h, suggesting insignificant polymerization, as it requires
a significantly higher curing temperature (7; = 207 °C).
However, the presence of iron NPs in the monomer showed
a significant decrease in the ArCH,N signals with the develop-
ment of new signals in the region 3.5-4.4 ppm. The upfield
signals due to polymer linked in the region 4.4-4.0 ppm are
relatively more pronounced than the downfield signals, i.e. 4-
3.5 ppm, over time. In order to develop a further understanding
of the role of iron nanoparticles mediated polymerization, the
"H-NMR spectrum of C-trisapm heated at a higher temperature
of 210 °C for 3 h was also recorded and compared to determine
the nature of the linkages developed when C-trisapm is treated
thermally without NPs. Smaller intensity signals due to its low
solubility around 3.8 ppm were noticed, which supports the
formation of phenolic Mannich-type structures in polymeriza-
tion devoid of NPs. In iron NPs treated C-trisapm, >CH, signals
due to phenoxy N,O-acetal linkages and arylamine Mannich are

J. Mater. Chem. A



Published on 19 January 2018. Downloaded by University of Florida Libraries on 19/01/2018 18:16:29.

Journal of Materials Chemistry A

still evident while phenolic protons signals due to Mannich-type
structures are insignificant (inset of Fig. S107), which is in
agreement with the FTIR analysis (inset of Fig. 4a and S87). It
has previously been reported that double bonds in alkylene
chain hydrogens are susceptible to undergoing oxidative
crosslinking reactions in cardanol-derived polymers.* In our
case also, NMR signals due to alkylene chain hydrogens in C-
trisapm, in the region 2.4-3.0 ppm, showed noticeable
changes, suggesting reaction at these centers. These changes in
the NMR signal are more evident in the presence of iron NPs
(Fig. S10b-df¥). Since the ArCH,0O proton signal was found to be
inseparable from the protons due to the alkylene chain and
Ar;CH protons (Fig. S2at), a time-dependent variation in the
intensity of ArCH,N (with methyl protons as an internal stan-
dard) was monitored (Fig. 5b). A decrease in the intensity of
ArCH,N was found to be dependent on the nature of the NPs
and it follows the order neat C-trisapm < (Fe), < (Fe)ra < (F€)ara-
Amongst NPs, (Fe)ara contains iron, -NH, and -COOH func-
tionality and all three are known to assist the ROP in benzox-
azine, while (Fe)p, and (Fe), possess only two and one curing
assistance moieties, thereby lowering their catalytic potential.
Phenols and amines in the presence of iron compounds and
peroxidase enzymes tend to undergo oxidative polymerization
aided by the iron metal center, with changes in oxidation states
+4, +3 or +2.°° Similarly, benzoxazine monomers are also ex-
pected to undergo oxidative polymerization in the presence of
a potentially active redox catalyst. Determination of whether
a similar mode of polymerization co-exists in an iron NPs
blended C-trisapm would enable an understanding of the
polymerization mechanism. It was reported previously that the
FeCl;-catalyzed reaction of a Bz monomer showed no oxidative
linking of monomers in such a fashion.* The oxidative reaction
of Bz units is expected to proceed in four steps; namely, (i)
activation of Bz monomer by electron transfer to the ferric ions
in NPs, (ii) which are thereby reduced to ferrous ions, (iii)
a coupling reaction of activated Bz monomers, and (iv) regen-
eration of ferric ions from reduced ferrous ions in NPs. In
comparison to the FeCl; bulk catalyst, the ferrous ions gener-
ated in iron NPs tend to re-oxidize at a faster rate due to their
higher surface activity with atmospheric air to propagate the
coupling reaction of Bz units in a redox manner.>* Normalized
UV-vis analysis of neat C-trisapm monomer before and after
heating and in the presence of iron NPs (150 °C for 2 h) was
recorded and compared. UV-vis spectra can be divided into two
regions, as illustrated in Fig. 5c. A relatively strong absorption at
269 nm and a shoulder at 312 nm are observed for the monomer
chromophore, C-trisapm. It is apparent that a relative red-shift
of absorption from 269 nm to 276 nm is observed in coated NPs,
i.e. (Fe)ara and (Fe)r, (inset in Fig. 5¢). While in the presence of
(Fe)o, the peak maximum remained at 269 nm, which is the
same as for the monomer, but a small red-shifted shoulder
developed (inset of Fig. 5¢). A new peak centered at ~350 nm
with higher intensity is observed in the presence of NPs than in
C-trisapm alone when heated under similar conditions. A
simultaneous development of absorption maxima in the region
300-400 nm centered at 350 nm suggests the interaction/
involvement of Fe NPs in assisting changes in absorption. An

J. Mater. Chem. A

View Article Online

Paper

increase in the absorption intensity, in particular, beyond the
UV region, may be associated with the formation of conjugated
aromatic structures as a result of iron NPs mediated polymeri-
zation. Previous studies reported that the chemical oxidation of
phenol in the presence of peroxidase and oxygen leads to an
increase in absorption intensity in the wavelength range of 300~
800 nm due to an extension of the degree of polymerization.>*>*
In our case, maxima at short wavelength, around ~260 nm, can
be attributed to the localized w-m* transitions whilst at longer
wavelengths, ~350 nm, they are accounted for by delocalized -
7* transitions. In general, in conjugated polymers, such as
polyphenylenevinylene, a good degree of m-backbone delocal-
ization is observed when the ratio of the intensity of delocalized
to localized m-m* transitions is high. For Fe-coated NPs
(Table 2), the delocalized m-m* transitions became much
stronger than the localized w-m* transitions. Indicating a good
level of delocalization along the polymer backbone, which
increases with time.

Surprisingly, a low intensity of the delocalized m-m* transi-
tions even in the neat monomer is also observed. The oxidation
of benzene to biphenyl and phenol is catalyzed by ferrous ions
and hydrogen peroxide, while the formation of the latter is more
pronounced in air.*® Similarly, C-trisapm contains electron-
donating oxazine groups like phenol and aniline, along with
the presence of Ar;CH protons, which are prone to an oxidative
reaction. However, such a reaction in the monomer may be
proceeding at a lower rate compared to when it is blended with
iron NPs. In that scenario, bare (Fe), NPs are expected to show
a higher degree of oxidative polymerization due to more surface
exposition of active iron particles and higher concentration of
the Fe*" ions (as determined by XRD). In contrast, (Fe), showed
a lower value of the intensity ratio of delocalized to localized
transition than the coated NPs (Table 2). The availability of iron
species in NPs was evaluated using a phenanthroline assay, and
it was found to be highest in (Fe), then (Fe)rs, followed by
(Fe)ara, (Fig. S111) confirming our hypothesis. There are nearly
64% and 78% reductions in the availability of iron in (Fe)r, and
(Fe)ara, respectively, which are in good agreement with the
amount of coating, as determined by TGA analysis (Fig. 3¢). In
that case, the lower intensity ratio can be accounted for by their
oxidative potential, which may not be as favorable as for coated
NPs. It was previously reported that the ligands attached to the
iron core in complexes control the degree of oxidation by
varying the oxidation potential. In an analogy, a coating on NPs
may also act like ligands and may be responsible for their
higher tendency to form oxidatively polymerized phenyl units in

Table 2 Time-dependent variation in the ratio of intensity of /350 nm/
69 nm Of C-trisapm heated at 150 °C

Samples
C-Trisapm C-Trisapm C-Trisapm
Time (h) C-Trisapm (Fe)o (Fe)ra (Fe)ata
0.22 0.27 0.42 0.32
5 0.32 0.42 0.66 0.67

This journal is © The Royal Society of Chemistry 2018
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a Bz monomer. Furthermore, a higher ratio of the intensity of C-
trisapm(Fe)p, to C-trisapm(Fe)srs is observed after 2 h and the
trend in the ratio changed after 5 h (Table 2 and Fig. S127). A
similar trend in data from the UV-vis spectra of (Fe)r, and
(Fe)ara mediated polymerization at 2 h and 5 h is corroborated
well by the NMR results (Fig. 5b).

A control reaction was performed to understand the poten-
tial of iron NPs in hydrogen peroxide-mediated oxidative poly-
merization of C-trisapm and the reaction was monitored by UV-
vis studies (Fig. 6). The C-trisapm monomer showed an
absorption maximum at 258 nm and a shoulder at 304 nm. A
lower value in both the A;,.x and the shoulder in C-trisapm is
accounted for by the effect of solvent (Fig. 5¢, DMSO vs. Fig. 6,
THF/water).

Since the monomer was found to be insoluble in DMSO/
water, the reaction was performed in THF/water at room
temperature. Within 54 h of reaction time at room temperature,
a red shift in A, to 269 nm was observed along with the
appearance of a higher intensity maximum at 333 nm. Such
changes in UV-vis spectra in the presence of hydrogen peroxide
are suggestive of oxidative polymerization, as indicated by an
enhancement in the intensity ratio of delocalized to localized
m-t* transitions. However, in the bulk polymerization of the
(Fe), mediated reaction at 150 °C a similar red shift in localized
and delocalized transitions is observed. Furthermore, the
intensity of delocalized maxima showed a higher absorbance
value, which is accounted for by the utility of higher tempera-
tures, 150 °C vs. 28 °C, and may be a result of the instability of
the uncoated NPs remaining in a suspension to assist catalysis
(see Fig. 1) in solution-based studies. The above results confirm
the involvement of NPs in similar modes, as expected in
oxidative polymerization in solution.

The reaction mixture of H,O, vs. air-mediated polymeriza-
tion in the presence of (Fe), NPs was studied by 'H-NMR
spectroscopy. As compared to the monomer, the NMR signals
of the formed polymer in general became broad, along with
pronounced effects in the aromatic and benzoxazine ring,
suggesting reactions at these centers in the presence of iron

——C-trisapm
(Fe)u‘ H O,
—(.:-T.risapm[Fe}‘J HO,,0h,RT

= C-trisapm(Fe) , H202 , 54 h, RT
—— C-trisapm(Fe), 5 h, 150 °C

= IrlsaDmIFe}w C-trisapmiFely,
HyOp Ok, AT H,0,, 54 h, AT

258

269

Normalized Absorbance

250 300 350 400 450
Wavelength (nm)

Fig. 6 Probable linkages in the polybenzoxazine network in iron NPs
mediated polymerization.
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NPs. In addition, protons due to ArCH,N and in the region 2.4-
3.0 ppm showed significant variation in intensity and appear-
ance (Fig. S131). No apparent UV-vis changes were observed
when the C-trisapm monomer was treated with (Fe), NPs alone
without the addition of H,O,. This suggests that air is playing
arole in assisting the above observed UV-vis changes and also at
a temperature of 150 °C. The structural changes noticed in 'H-
NMR and FTIR along with the changes in UV-vis absorption
spectra suggest that several modes of polymerization are active
in iron NPs mediated polymerization of a Bz monomer.

The molecular weight of the soluble fraction present in the
samples was studied by GPC (Fig. 5d and Table S1t). The
observed molecular weight is low, as only the THF-soluble
fraction is analyzed. The relative change in M,, and PDI was
found to be dependent on the nature of the NPs. A shift to
a higher M,, and an increase in its percentage are apparent in
the GPC traces, and the incorporation of NPs was found to
follow the order neat C-trisapm < (Fe), < (Fe)ara < (F€)ra-

Based on the FTIR, NMR, and UV-vis analysis, and reactive
sites available for extending the crosslinked network in PBz, the
probable structure of PC-trisapm initiated by iron NPs can be
postulated, as in Fig. 7. The coordination of iron or the presence
of protons assist the oxazine ring-opening reaction followed by an
electrophilic attack of iminium/carbocation to form the polymer
network. The major linkage is accounted for by N,O-acetal, along
with phenolic-Mannich, arylamine-Mannich, and biphenyl
bridges due to thermal and oxidative polymerization, respectively.
The presence of coordinative linkages is also expected due to the
coordination of iron with heteroatoms in the PBz framework.

Magnetic properties of NPs and blends

Magnetic properties of different iron NPs and their polymer
composites were analyzed (Fig. 8) and are summarized in Table

R
Fe®TH'
bb,
N Ring opening Fo“JH o M
» pu Iymerization
Nsr.H, —{_“:H;

Iminium ion

/1
i

o
n % _
16i - substituted
Biphenyl

AryBming Mannich

" Sito of attack

Y/ osidative

Phenol Mannich

tetra - substituled

tefra - substituted
tri-/ teira - substifuted

Fig. 7 UV-vis spectra of C-trisapm monomer with (Fe)g in H,O, and
air. Inset shows digital images of a reaction mixture of C-trisapm with
(Fe)o NPs, H,O; at 0 h and 54 h. A characteristic purple colouration is
suggestive of an interaction between them affecting the absorption
characteristics. However, no colour change is observed when C-tri-
sapm is treated with either (Fe)o NPs or H,O, alone.
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Fig. 8 Magnetic properties at room temperature: hysteresis curve of
(a) iron nanoparticles (b) PBz blends with iron NPs, and digital photos of
iron NPs containing (c) (Fe)o, (d) (Fe)ata and (e) (Fe)ta cured PBz resins
under a magnetic field.

S2.t The values of the saturation magnetization (Ms), residual
magnetism (Mg), and coercivity (H.) depend on the size, shape,
composition, extent and nature of the coating on the NPs. The
nanometre size of the NPs as such and in the polymer matrix (as
determined by XRD Fig. 2b and 4a), a well-dispersed state (as
determined by AFM, Fig. 4c), and zero coercivity indicate the
superparamagnetic behavior of the NPs and PBz-
nanocomposites. Amongst NPs, the Mg values vary as (Fe)ara <
(Fe)ra < (Fe)o and the same trend is observed in the case of
polymer blends. The value of Mg was found to be highest for
bare NPs, at 59 emu g~ ', which decreased to 16 emu g~ for
coated NPs, which is mainly attributable to the highest degree
of coating in (Fe)ara NPs, agreeing well with our TGA results.
The value of Mg can be increased by increasing the loading of
NPs in the polymer matrix. However, undesirable agglomera-
tion of the NPs cannot be prevented, with a higher amount of
loading affecting other magnetic parameters. The polymer
matrix acts as a buffer layer on NPs preventing their degradation
and oxidation, thereby minimizing loss of properties or early
ageing of the NPs-polymer composite. In polymer composites,
a substantial decrease in Mg values of 1.8 emu g~ and 1.2 emu
g~ ' is observed, which is due to lower percentage incorporation
(5 wt%) of iron NPs in the matrix and the wrapping of the non-
magnetic polybenzoxazine polymer network on the surface of
NPs.

Conclusions

This work demonstrates a sustainable approach to the design of
polybenzoxazine iron NPs composites using a cost-effective
strategy to introduce an agro-waste, cardanol, with different
paradigms of properties to advance their applications. The
existence of surface functionalities on magnetic iron NPs
assisted their dispersion and allowed their uniform distribution
into a polymer matrix with retention of their nano-size. The
chosen surface functionalities in coated NPs were found to
mediate the ROP in Bz, as reflected by a substantial lowering of
the curing temperature from 207 °C to 143 °C. Incorporation of
only 5 wt% of NPs resulted in a modification of the maximum
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thermal stability. The interaction of NPs with PBz was exten-
sively analyzed using various spectroscopic techniques to
understand the nature of the linkages developed in the polymer.
The utilized design strategy of varying the coating in NPs
appeared to be an effective one-step smart solution to intro-
ducing superparamagnetic behavior along with other benefits.
The NPs utilized may find further scope in modifying other
polymer-inorganic nanoparticle composites. The superior
performances of using low-cost raw materials with facile
synthesis is an attractive approach towards promoting renew-
ably sourced cardanol PBz composites at an industrial scale.
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