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Novel 3D-networked melamine—naphthalene-
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In this study, melamine—naphthalene covalent polyamic acid and its metal carboxylate salts were synthesized as
building blocks of nanofillers (Nt-Mn-PA-COOM, M = H, Li, Na, and K). The Nt-Mn-PA-COOM nano-
fillers were added as a dopant to vinyl ester resin at 1-5 wt% and their flame retardancy and thermal
properties were evaluated. The flame retardancies of 5 wt% of Nt-Mn—-PA-COOK-VE and Nt—-Mn-PA-
COONa-VE were found to improve the heat release rate by up to 95% and 90%, respectively, in comparison
with the pristine vinyl ester (VE) composite. These results demonstrated significant progress in the fireproofing
performance of VE composites. The burning times of Nt—-Mn—-PA-COONa-VE and Nt-Mn-PA-COOK-VE
composites were shown to be higher 10.6 min, and 12.1 min, respectively, when compared with the pure VE
composite (6.28 min). Also, the buring rates of Nt—-Mn-PA-COONa-VE and Nt-Mn-PA-COOK-VE
concerning flame retardancies were decreased from 11.92 min to 7.07 and 6.19 min, respectively. The delay in
burning time, and the reduction of burning rate clearly refer to the enhancement of flame retardancy behavior
of the Nt-Mn—-PA-COOM-VE composites. It was found that 5 wt% of nanofiller dopants Nt-Mn-PA-COOM-
VE (M = Na, and K) in VE was the ideal loading for considering the integrated perspective for flame retardancy
applications. The excellent flame retardancy and thermal performance of the Nt-Mn—-PA-COOM-VE (M = Na,
and K) composites made them promising candidates for developing novel flame retardancy nanofiller dopants.
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1. Introduction

Char-forming flame retardant (FR) fillers react to form a
carbonaceous layer on the surface of the host polymer material.
The carbonaceous layer insulates the polymer, thereby deceler-
ating pyrolysis, and creates a boundary that delays the release
of surplus gases for fuel combustion. The FR mechanism
involves endothermic degradation, thermal shielding, dilution
of the gas phase, and gas-phase radical quenching. These four
important characteristic features have played a key role in
enhancing the flame retardancy of materials. In particular,
vinyl ester resin is a widely popular thermoset polymer, pro-
duced by the esterification of epoxy bis-phenol A with acrylic
acid,"™ used in laminating processes. Vinyl ester is typically
activated with methyl ethyl ketone peroxide. It displays greater
endurance, better physical and mechanical properties,
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enhanced heat and corrosion resistance, good adhesion, and
rapid curing over polyester and epoxy resins.”*° Consequently,
they are extensively used in composite pipes, printed circuit
board coatings, adhesives, and various other industrial
fields.""'® In homebuilt airplanes, especially, the Glasair kit
planes extensively use vinyl ester fiberglass-reinforced struc-
tures. Vinyl ester resin (VER) is commonly used in the maritime
industry because it exhibits high corrosion resistance and
hydrophobicity to water. VER is extensively used to manufac-
ture fiberglass-reinforced plastic (FRP) tanks and vessels as per
BS4994. Owing to the abundant advantages of VER laminates in
both industrial and commercial domains, scientists and engi-
neers often examine the intumescent flame retardant properties
of VERs. While VER displays many anticipated properties, such as
resiliency, flexibility, and low cost, its intrinsic flammability
cannot be ignored. Customized VERs burn easily when they are
exposed to fire owing to their inherent chemical structures. This
hinders their applications in some areas with high flame-
retardant requirements. Thus, improving the flame retardancy
of VERs is of great significance for expanding their
applications.'”* Recently, polyimides have been used as nano-
fillers to improve the flame-retardant performance of polymer
materials owing to their high reactivity, good thermal properties,
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high flame-retardant efficiency, and relatively environmentally
friendly features.**>®

Aromatic polyimides exhibit inherent fire-resistant properties
owing to strong imidic linkages and n—r stacking between each
monomeric block. These advantages are anticipated to increase
their thermo-oxidative stability and flame-retardant properties,
which are crucial for industrial applications. For instance, A. B.
Morgana et al. used inorganic materials, such as 40 wt% of
alumina, 10 wt% of fumed silica, and 5 wt% of carbon nanofibers to
improve the thermal strength and flammability performance
of polyimides but their heat release rate (HRR) was poor in compar-
ison with the authentic polyimide.* J. Liu et al. used 20 wt% SiO, in
BTDA-ODA polyimide, which increased its limiting oxygen index
(LOI) value by up to 37%.*° In another study, S. Koytepe et al.
investigated zinc borate nanoparticles incorporated in a polyimide
matrix for the enhanced thermal stability of polyimides.**

According to previous reports, when different flame-
retardant groups were introduced in a molecular skeleton, a
synergistic fire-retardant effect was produced. Therefore, some
fire retardants containing phosphaphenanthrene and other
flame-retardant components, such as triazine, silsesquioxane,
and triazine-trione, were successively developed structurally to
further enhance the flame retardancy of resin systems.>
Additionally, Bai et al. synthesized a star-shaped flame retardant
[2,4,6-tris(p-formylphenoxy)-1,3,5-triazine], featuring phosphaphe-
nanthrene and triazine groups, and prepared a series of
fire-retardant UPR composites with various amounts of
TRIPOD-DOPO.*" The test results showed that the introduction
of TRIPOD-DOPO improved the flame retardancy and thermal
stability of UPR. Moreover, their groups also synthesized a liquid
monomer [DOPO-vinyltrimethoxysilane  (VIS)] containing
phosphorus and silicon and prepared flame-retardant UPR-SiO,
hybrid materials by introducing DOPO-VTS and methacryloxypro-
pyl trimethoxy silane (KH570) into UPR. When the content of
DOPO-VTS was 20%, the LOI value of UPR increased from 21.0 to
27.0%.** Traditionally, flame retardancy (FR) polymeric materials
have been used earlier such as halogenated FR (ie. tetrabro-
mobisphenol A, hexabromocyclododecane, polybrominated
bisphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs))
have been used at an estimated volume of 150000 tons per
year globally. However, halogenated polymers produce
huge amounts of toxic, corrosive, and halogenated gases during
the combustion process. Owing to the gigantic evolution of
toxic pollutants released into the environment, a robust substitute
is required, which is environmentally benign, to protect the planet.

This research work aims to explain the advances in both
inorganic and organic materials to generate novel, robust, and
multifunctional materials with excellent flame retardant char-
acteristics. To the best of our knowledge, we developed novel
organic fillers based on naphthalene dicarboxylic acid salts (i.e.
M = H, Li, Na, and K) and melamine as a core for the first time.
The inorganic-organic hybrid nanofillers exhibited versatile
characteristics owing to their physical and chemical properties.
These features include strong binding property by chelation
with host polymers, and they exhibit higher thermophysical
properties over a wide range of applied temperatures. Additionally,
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they possess a variety of novel factors provided by architecturally
diverse metal ions, such as Li, Na, and K. Polyamic acid-based
fillers, especially 3D networked naphthalenedicarboxylic acid
coupled melamine-polyamic acid salts as nanofillers have been
attracting attention as potential substituents for conventional FR
materials owing to their excellent thermal stability and low
flammability.>* However, to the best of our knowledge, this is the
first report in the literature using Nt-Mn-PA-COO-M (i.e. M = H,
Li, Na, and K) for FR applications. Their high thermal stability and
thermo-chemo-physical properties are promising candidates for
non-halogen FR materials.

Herein, we demonstrated a simple synthetic protocol using
naphthalene dianhydride as the peripheral moiety and melamine
as the backbone network of the novel dianhydride-melamine
filler for the FR 3D networked hybrid filler. First, we aim to design
and synthesize naphthalene-melamine-polyamic acid (Nt-Mn-
PA-COOH) using the solution mediated amide coupling method.
Second, we prepared alkali metal carboxylic salts (Nt-Mn-PA-
COO-M, ie. M = Li, Na, and K) to investigate the efficiency of
their FR properties within VER. The Nt-Mn—PA-COO—M/VER
polymer composite is prepared by dispersing 5 wt% of Nt-Mn-
PACOOM in VER. During the intumescent flame retardancy test,
the environmental oxygen cannot penetrate the 3D-networked
Nt-Mn-PACOOM polymeric system owing to the strong interfacial
interaction caused by m-m stacking in naphthalene rings, which
can prevent elemental oxygen from entering the host polymers.
Systematically, when the size of the dopant metal atom (i.e. Li(3)
> Na(11) > K(20)) is increased in the host polymer then a
huge space is occupied within the VER polymer network and
automatically the burning property will be delayed due to there
being no space available for oxygen gas to enter. Also, the
experimental results of the HRR strongly support our hypothesis
before and after the insertion of metal ions. Besides, the proposed
Nt-Mn-PA-COOM-VER composites show robust thermal stability
even at 600 °C. To measure the FR of the composites, LOI
measurements and UL-94 VIM tests are essential. The novel
Nt-Mn-PA-COOM-VER composites
stability, even at 600 °C, of up to 96.5% in comparison with the
pristine VER polymer composite (Scheme 1).

showed better thermal

2. Experiments

2.1. Materials

All chemicals were of commercially available grade and used
without further purification. All solvents were dried using a 4 A
molecular sieve before use. Vinyl ester (specific gravity = 1.03 and
viscosity = 150 cps) was supplied by CCP composites, Korea. Methyl
ethyl ketone peroxide (MEKP) (hardener), cobalt naphthalate (accel-
erator), and Frekote 700-NC (releasing agent) were purchased from
CCP composites, Korea. Melamine (Mn), naphthalene dianhydride
(Ntda), and DMF were purchased from Aldrich, Korea.

2.2. Instrumentation

Chemical composition analysis has been investigated using an
X-ray spectrometer (EDX) with a Ronteck flash detector analyzer

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Stage 1. Synthesiz of Nt-Mn-PACOOM,
(M=Li, Na & K) nano-filler in VE composite.
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Stage 2. Flame Retardance and charred laminates
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Scheme 1 Schematic representation of the synthesis of Nt-Mn—-PACOOM in VE composite and the flame retardant properties.

associated with scanning electron microscopy (SEM, Leo-Evo
40xVP). Incident electron beam energies from 10 to 30 keV
were used. In all cases, the beam was normally incident to
the sample surface and the measurement time was 100 s. All EDX
spectra were corrected using ZAF correction, which considered the
influence of the matrix material on the obtained spectra.

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were recorded using
a Nicolet 6700 FT-IR spectrometer (Thermo Electron Scientific
Instruments). The test was performed using the KBr pellet
pressing method in the scanning range of 400-4000 cm .
Cone calorimetry measurements were performed using an
FTT0007cone calorimeter (FTT, United Kingdom) according
to the ISO5660 standard. The external heat flux was
50 kW m~? and the dimensions of all casting samples were
100 x 100 x 3 mm?®. The morphologies of char residues after
the cone calorimetry tests were analyzed via TESCAN VEGA3
tungsten filament SEM (TESCAN, Czech) under an acceleration
voltage of 20 kV. TGA was performed under nitrogen with
a Netzsch STA449F3 instrument (TA Co.). The heating rate
was 10 °C min~ ' and the testing temperature range was 30-
700 °C.

2.4. Preparation of Nt-Mn-PA-COOH

A mixture of melamine (1.26 g, 10 mmol) and naphthalene
dianhydride (Ntda) (4.02 g, 15 mmol) was refluxed in DMF

© 2021 The Author(s). Published by the Royal Society of Chemistry

(30 mL) for 15 h under a nitrogen atmosphere at 150 °C. After
completion of the reaction, the solid was separated, washed
using ethanol, and dried at 75 °C in a vacuum oven for 5 h to
obtain Nt-Mn-PA-COOH as a white solid in 87% yield.

2.5. Preparation of Nt-Mn-PA-COOM (M = Li, Na, and K)
(general procedure)

A mixture of Nt-Mn-PA-COOH (2 g, 20 mmol) and base (i.e.,
LiOH, NaOH, and KOH) (40 mmol) was stirred in pure
ethanol (50 ml) for 2 h at 60 °C. The product was filtered,
washed with ethanol, and dried to obtain the corresponding
metalized Nt-Mn-PA-COOM (i.e., M = Li, Na, and K) in
quantitative yield.

2.6. Preparation of Nt-Mn-PA-COOM-VER composite
(general procedure)

Atotalof1g,2¢,3g,4¢g,and 5 g of Nt-Mn-PA-COOM (M = Li,
Na, and K) was mixed with VER (100 g) individually at RT. After
the formation of a homogeneous solution in 1 h, simultaneously,
MEKP hardener (1 g) and accelerator (1 g) were added. After
stirring for 1 h, the polymer mixtures were transferred into
suitable molds (30 cm x 30 cm x 1 cm) and air-dried for
12 h. The four fabricated samples (ie. Nt-Mn-PA-COOH-VE,
1-5 wt%, Nt-Mn-PA-COOLi-VE, 1-5 wt%, Nt-Mn-PA-
COONa-VE, 1-5 wt%, and Nt-Mn-PA-COOK-VE, 1-5 wt%)
were cut into dimensions of 20 cm x 1 cm and used for the
horizontal flame tests.

Mater. Adv,, 2021, 2, 4339-4351 | 4341
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2.7. Horizontal burning test

The horizontal burning test was used to evaluate the effect of the
fire retardants on the flammability of thermoplastic starch bio-
polymer (TPS) composites according to UL-94 standards (Araoetal,
2014). In brief, the sample was held horizontally and a flame
produced by an organic solvent (butane starch) was applied to one
end of the sample for 30 s. The height and angle of the flame in
the vertical direction were 10 mm and 45°, respectively. The time
taken for the flame to reach the second reference mark (80 mm
from the end) from the first reference mark (20 mm from the end)
was measured. Prior to the test, the specimens were dried at 80 °C
for 24 h and the tests were conducted, simultaneously, at least
three times for each composition.

2.8. Thermogravimetric analysis (TGA)

The thermal stability and decomposition behavior of the consti-
tuents of the composites were analyzed using a thermogravimetric
analyzer (Model: TGAQ600/SDT, TA instruments, USA) at a heating
rate of 10 °C min~ "' under both inert (N,) and air atmospheres. The
scanning scope ranged from 30-700 °C. The residue was evaluated
as the specimen’s residual weight at 700 °C.

3. Results and discussions

3.1. Synthesis of 3D networked Nt-Mn-PA-COOM nanofillers
and Nt-Mn-PA-COOM-VE composites

In this work, we synthesized highly flame-retardant nanofillers
which were prepared using inorganic-organic 3D-networked
polyamic acid nanofillers with increasing sizes of metal ions
(i.e. Li, Na, and K). A mixture of naphthalene dianhydride and
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melamine was reacted in dry DMF at room temperature and
produced the corresponding naphthalene-melamine-polyamic
acid (Nt-Mn-PA-COOH) in good yield, as shown in Fig. 1.
Then, the Nt-Mn-PA-COOH was reacted with different alkali
metal hydroxides M—OH (i.e. M = Li, Na, and K) in ethanol, and
produced the corresponding carboxylic acid salts of Nt-Mn-PA-
COOM (i.e. M = Li, Na, and K) in quantitative yields (Stage 1).*?
Consequently, for the synthesis of Nt-Mn-PA-COOM-VE com-
posites, first, Nt-Mn-PA-COOM (i.e. M = Li, Na, and K) was
mixed with VER, MEKP, hardener, and accelerator, respectively.
After stirring for 1 h, the polymer mixture was transferred into a
suitable mold and air-dried for 12 h. Four samples with
different wt% were prepared (i.e. Nt-Mn-PA-COOH-VE,
1-5 wt%, Nt-Mn-PA-COOLi-VE, 1-5 wt%, Nt-Mn-PA-
COONa-VE, 1-5 wt%, and Nt-Mn-PA-COOK-VE, 1-5 wt%)
respectively. The Nt-Mn-PA-COOM-VER composites were cut
into dimensions of 20 cm x 1 cm for the horizontal flame tests
(Stage 2).%

3.2. Structural characterization of Nt-Mn-PA-COOR-VE
composites

3.2.1. FT-IR. To determine the molecular structure of
Nt-Mn-PA-COOM (i.e., M = Li, Na, and K), the FT-IR spectra
were examined. Fig. 2a shows the FT-IR spectra of Nt-Mn-PA-
COOM, in particular, the characteristic peaks of Nt-Mn-PA-
COOH, viz., 3393 cm ™! for OH; 1778 cm™* for -CO; 1651 cm ™"
for -CO-NH-; 1581, 1433, 1384, and 1158 cm ' for -CN

(stretch) of the triazine ring; 1032 cm ™' for -CN (bend) of
triazine ring; and 765 cm™" for ~-CH (wag). The FT-IR spectra of
Nt-Mn-COOLi revealed the respective stretching vibration
bands at 3471 cm™' for -OLi,

1586 c¢cm~ ' for —-CO-NH-,

MOO! coom
Nt-Mn-PA-COOM( M=Li, Na & K)

MEKP, hardener

accelertor, RT

Nt-Mn-PA-COOM-V; m)l Ester Resine Nt-Mn-
PA-COOM(M=Li, Na & K)-VE

Fig. 1 Syntheses of 3D-networked inorganic—organic polyamic acid and its Li, Na, and K metal salt nanofillers (Stage 1) and Nt-Mn-PA-COOM-VE

composite (Stage 2).

4342 | Mater. Adv, 2021, 2, 4339-4351

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00048a

Open Access Article. Published on 11 May 2021. Downloaded on 4/3/2026 5:47:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

(a) (b) 29.9
Nt-MaPA.COOH 12-3'}3-2 &14.7 238 37.1 -
<l Nt-Mn-PA-COOK]
J 205 262
39.3 42.6 &43.2
V" Na-Mt-PA-COOLi
16,00 3474,JoLi Nt-Mn-PA-COONa|
Nt-Mn-PA-COONa 45.6
w Nt-Mn-PA-COOLi
Nt-Mn-PA-COOK - B -
= o 247 -3
wat,ona b6 I Q
: 8 =
o2, ™,
o G e,
1416, CN 3420,31 \hﬁl 0K
., Nt-Mn-PA-COOH
T T T T T T T T T T T
500 1000 1500 3500 4000 10 15 20 25 20 ?;{)n le 35 40 45 50
Wavenumber(Cm’") g
(C) —— VE composite
—— VE-Nt-Mn-PACOOH
: —— VE-Nt-Mn-PACOOLi
——VE-Mn-PACOONa
——VE-Mn-PACOOK
3
&
" T ¥ T T T 1
10 20 30 50 60

2 Theta/deg

Fig. 2

1442 cm™ ', and 1360 cm ™" for the triazine ring. Next, the broad
vibrational peak was at 3441 cm ™" for -ONa, and a sharp signal
at 1592 cm ' for -CO-NH-, with peaks at 1432 cm ™', and
1360 cm ™' for C=N in Nt-Mn-COONa.**® However, in the
case of the Nt-Mn-COOK network, peaks were observed at
3467 em ™! for —OK, 1596 cm ™' for CO-NH-, and 1416 cm ™
and 1342 cm ' for C=N of the triazine. Vibrational peaks
were observed at ~773 cm™ ' for -CH (wag) and ~612 cm ™" for
—-C-C- (stretch) in all three spectra due to the structural stability
of the triazine ring, which was interconnected with the
naphthalene ring systems. The absorbance of amide in Nt-
Mn-COOH shifted from 1651 c¢cm ' to ~1585 cm ' to
1596 cm™ ', indicating that the amidation reaction occurred
between melamine and naphthalene dianhydride. Thus, the
results of FT-IR analysis proved the formation of Nt-Mn-PA-
COOM.*

3.2.2. XRD analysis of Nt—-Mn-PA-COOM-VER composites,
and Nt-Mn-PA-COOM nanofiller dopants. Fig. 2b shows the
X-ray powder diffraction (XRD) results for phase identification
of a crystalline material and which can provide evidence on the
unit cell dimensions of Nt-Mn-PA-COOM, where M = H, Li, Na,
and K. The pattern is obtained from a powder of the material,
rather than an individual crystal. The XRD peaks of Nt-Mn-PA-
COOH showed 20 values at 11.6, 17.6, 21.2, 23.4, 24.7, 31.8, and
32.2. Additional 20 values were obtained at 31.8, 32.2, and 37.1
for Nt-Mn-PA-COOLi, 20.5, 26.2, 39.3, 42.6 and 43.2 for
Nt-Mn-PA-COONa, and 12.5, 13.2, 14.7, 19, 29.9, and 42.5 for

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) FT-IR, (b) powder XRD analyses of Nt-Mn—-PACOOM ionic salts, and (c) XRD analyses of 3D-networked Nt—-Mn-PACOOM-VER composites.

Nt-Mn-PA-COOK. The number of 20 values were increased in
the order from Nt-Mn-PA-COOH < Nt-Mn-PA-COOLi <
Nt-Mn-PA-COONa < Nt-Mn-PA-COOK due to increasing
crystallinity as the metal ion size is increased from H > Li >
Na > K. Bennett et al. and Arash et al. have reported indepen-
dently on the method to quantify the crystallinity in amorphous
metal alloys where they discussed the nominal crystallinity, the
mass of individual components, and average crystallinities of
the powder batches by the mixing of amorphous and crystalline
powers due to the formation of metal-organic frameworks
(MOFs).*>*° Similarly, the proposed Nt-Mn-PA-COOM crystal-
linity may support MOFs through the coordination of polymers
and MOFs to increase the crystallinity. Besides, the proposed
flame retardancy has been strongly supported with the dopant
nanofillers of Nt-Mn-PA-COOM with increasing metal ion size
as the flame retardancy character was increased accordingly
due to the formation of strong metal chelation between the
carbonyl groups of the host polymer and the guest dopant
nanofillers of Nt-Mn-PA-COOM. In addition, the dopant nano-
fillers have strong metal chelation with the host VE polymer
through co-ordinated covalent bonds that enhance the flame
retardant property of the Nt-Mn-PA-COOM-VE composites.
XRD analysis of the Nt-Mn-PA-COOM-VE composites
(where M = H, Li, Na and K) was determined the properties of
the crystalline nature. Fig. 2c shows the XRD patterns obtained
for the pristine VE panel and VE panels doped with Nt-Mn-PA-
COOM. The XRD pattern of pristine VE demonstrated the

Mater. Adv.,, 2021, 2, 4339-4351 | 4343
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typical amorphous structure that possessed (002) and (001)
broad diffraction peaks located at the 20 angles of 22° and 44°,
respectively.*® Compared with the pristine VE composite, the
Nt-Mn-PACOOM-VE panels had no significant impact on
the crystal structure except for sharp peaks. XRD analysis of

Nt-Mn-PA-COOH

¥ L0

.
‘-“;‘.'3:

Nt-Mn-PA-COONa

o @

Nt-Mn-PA-COOK

Fig. 3 EDX analyses of 3D-networked Nt—-Mn—-PACOOM in VE.
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Nt-Mn-PA-COONa and laminated Nt-Mn-PA-COOK-VE
demonstrated some sharper peaks superimposed on the broad
peaks, which indicates the presence of crystalline components
in the amorphous membrane. The sharper peaks were observed
especially for Nt-Mn-PA-COONa-VE and Nt-Mn-PA-COOK-VE
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owing to the intercalation of Na" and K" ions. The ion sizes of
Na® and K" are 11 and 19 in comparison to pristine VEs,
Nt-Mn-PA-COOH-VE and Nt-Mn-PA-COOLi-VE composites,
respectively. The broad peaks observed in Nt-Mn-PA-COONa-
VE, and Nt-Mn-PA-COOK-VE changed into sharp peaks and
the degree of crystallinity increased due to the formation of Na*
and K" ionic clusters at carboxylic moieties, which enhanced
the flame retardancy property while inhibiting the penetration
of oxygen gas.’"*> However, the sharp peaks suggested that
the amount of crystalline components is significantly high
comparison with that in the amorphous parts.

3.2.3. SEM-EDX

Confirmation of metal ions in Nt-Mn-PA-COOM in VE
composites. Fig. 3 shows the energy-dispersive X-ray (EDX)
SEM analyses, which revealed the presence of metals ions
such as Li, Na, and K within the Nt-Mn-PA-COOM fillers.
The EDX analysis showed the dopant nanofillers such as
Nt-Mn-PA-COOM (i.e., M = Li, Na, and K), in which the metal
ions are varied by size, established the self-assembly of Nt-Mn-
PA-COOM nanofillers simultaneously absorbed on a mono-
layer film of the polymer via physical and chemical
arrangements.*® Controlling more than a single type of nano-
filler in exact positions could provide an opportunity to utilize
the exceptional properties of each type of nanofiller. Thus, the
methodology established in this study can be a good example of
how the diverse types of functional nanometer-sized structure
blocks can be organized in specific arrangements via physical
and chemical self-assembly procedures on organized patterns,
as shown in Fig. 3a-d and Table 1. The surface morphology of
Nt-Mn-PA-COOH was plain and smooth with no visible
deposits, except for some micro holes. However, the Nt-Mn-
PA-COOLi composite exhibited a rough surface morphology
with depositions due to the presence of Li* ions. Nevertheless,
the surface morphologies were showed similar structural
patterns due to the closest ionic sizes of H and Li-ions.
Instead, noteworthy changes in the surface morphologies
were found for the Nt-Mn-PA-COONa and Nt-Mn-PA-COOK
composites, as shown in Fig. 3c and d. Na and K metal ion
aggregations were found on the surface, which further supports
the anchoring with the base VER composite. The EDS spectra
reveal the amount of deposition of Na* and K" ions within the
polymer network by wt% and at%. In particular, the amount of
wt% and at% showed the rigid morphologies on the surface by
coordinating the covalent bond with the host VER polymer
network (Table 1).

Table 1 Elemental analysis of Nt-Mn-PA-COOM-VE composites using
SEM-EDX

wt% at%
Composites C (o) Na K C (e} Na K
Nt-Mn-PA-COOH-VE 83.10 16.90 — — 86.76 13.24 — —
Nt-Mn-PA-COOLi-VE 83.73 16.27 — — 87.27 12.73 — —

Nt-Mn-PA-COONa-VE 79.42 18.28 2.30 —  84.18 14.54 1.27 —
Nt-Mn-PA-COOK-VE 69.59 24.12 — 6.29 77.64 20.20 — 2.15

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3. DSC, and TGA analyses

DSC measurements demonstrate the chemical changes within
the polymer constituents when subjected to heat. Fig. 4a shows
the DSC curves of pristine VE and the composites enhanced
with Nt-Mn-PA-COOM. In comparison with pristine VE, the
melting endothermic peak of the composites was shifted to a
higher temperature, which indicated that the filling of the Nt-
Mn-PA-COOM nanofillers improved the melting temperature
(Tm) of the VE matrix. Nt-Mn-PA-COOM consists of 3D-
networked melamine backbone-naphthalene carboxylic acid
moieties.*® Additionally, the VE molecular chain became more
stable after addition of the Nt-Mn-PA-COOM nanofillers.
Thus, Nt-Mn-PA-COOM nanofillers are helpful factors in
hindering the melting of the composites. For VE, which only
has nonpolar groups in the molecular chains, the Nt-Mn-PA-
COOH and Nt-Mn-PA-COOLi nanofillers demonstrated the
same effect on its melting temperature, which resulted in
slightly different T;,, values for the experimental and control
groups. Furthermore, the addition of Nt-Mn-PA-COONa and
Nt-Mn-PACOOK nanofillers improved the crystallinity of the
VE composite, thereby indicating that the Nt-Mn-PA-COONa
and Nt-Mn-PA-COOK nanofillers had a higher nucleation
function due to the high aspect ratios and appropriate particle
sizes. Moreover, inducing the formation of a trans crystalline
nature (TC) can improve the crystallinity of the VE composite
polymer. By increasing the size of the nanofiller ions (i.e., H, Li,
Na, and K) in the host polymer, the number of hydrogen bonds
between the VE and the nanofillers was increased due to the
formation of chemical bonds between C—=0O in the VE polymer
chains, along with free -OH, and -NH in Nt-Mn-PA-COOM.
Due to formation of strong covalent hydrogen bonds between
the dopant nanofiller and the guest VE polymer, the nucleation
density was increased, which is reflected in the crystallinity of
the polymer network being stable even at higher temperatures
such as 284-507 °C. The results were attributed to the excellent
interfacial compatibility between Nt-Mn-PA-COOM and the VE
matrix by the formation of metal ion-lone pairs of carbonyls
through strong interactions by chelation, evidenced by the
FT-IR analyses, as shown in Fig. 2a.

Fig. 4b shows the TGA analysis of the Nt-Mn-PA-COOM-VE
composites. The characteristic features of individual composites
are illustrated in comparison with the pure VE composite. The
thermogram of VE differs from that of the Nt-Mn-PA-COOM
composites (i.e., M = Li, Na, and K) due to the availability of the
nanofiller with carboxylate metal salts. Heat degradation for VE
started at 390 °C (Tonset) t0 481 °C (Timax) and char residue at
700 °C for losses in wt% of 10, 30, and 94.5, respectively,
owing to decomposition by the evolution of CO,, and aliphatic
carbon chains. The Nt-Mn-PA-COOM-VE composites demon-
strated independent decompositions for Nt-Mn-PA-COOH-VE,
Nt-Mn-PA-COOLi-VE, Nt-Mn-PA-COONa-VE, and Nt-Mn-PA-
COOK-VE, respectively, as shown in Table 2.

At the first stage between 50 °C and 322 °C, a reduced weight
loss of 10% was recorded due to the removal of CO, from the
carboxylate chains. The second decomposition stage occurred
from 428 °C and involved a weight loss of 51%, which ended
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Fig. 4 (a) DSC and (b) TGA analyses of 3D-networked Nt-Mn-PA-COOM-VE.

with breaking of the naphthalene rings of Nt-Mn-PA-COOM.
From 450 to 700 °C, the third stage of decomposition involved
a weight loss of 30% from Nt-Mn-PA-COOH due to the
decomposition of the triazine ring. This change might occur
due to decomposition of the metal ion carboxylated chains in
Nt-Mn-PA-COOM, such as COOH, COOLi, COONa, and COOK
groups.

Next, the TGA thermograms of Nt-Mn-PA-COOM (i.e. Li,
Na, and K) were found to be similar to each other due to the
formation of salts. They underwent a three-stage decomposition.
The first stage involved the loss of water and carboxylic acid
salts, the second corresponded to the decomposition of aromatic
and triazine rings, and the third stage involved the vaporization
and elimination of volatile fragments. With the first stage
between 50 °C and 450 °C, almost 10% preliminary weight loss
occurred. The second stage had a 5% loss in weight just above
535 °C, which involved the aromatic naphthalene ring of Nt-Mn-
PA-COOM. The third stage of decomposition, which ends at
around 700 °C, involved a weight loss of approximately 29%
from the triazine skeleton. Eventually, after the formation of Li,
Na, and K salts of carboxylic acids, the structure of Nt-Mn-PA-
COOM was thermally stable even at high temperatures. The TGA
results suggested that after doping the Nt-Mn-COOM
nanofillers, the thermal stability of the composites was
significantly improved because the size of the metal ions in
the carboxylic acids (i.e., H, Li, Na, and K) gradually increased,
which hindered the burning intensity.

Table 2 TGA and horizontal burning test analysis data of NT-Mn-PA-
COOM-VE

Horizontal burning

Thermogravimetric data in nitrogen test data in open air

T(onset) T(max) Residue Burning Burning

10% 30% at 700 °C time rate mm After
Composite [°’C] [°C] [%] (min) min™' glow
VE 390 481 5.5 6.2 11.9 Yes
Nt-Mn-PA-COOH-VE 283 450 19 7.7 9.7 Yes
Nt-Mn-PA-COOLi-VE 243 545 70 9.3 8.0 Yes
Nt-Mn-PA-COONa-VE 360 535 70 10.6 7.0 Yes
Nt-Mn-PA-COOK-VE 284 507 70 12.1 6.1 Yes

4346 | Mater. Adv,, 2021, 2, 4339-4351

3.4. Cone colorimetry tests

Cone colorimetry measurements were performed to further
study the fire-retardant performance of the as-prepared Nt-
Mn-PA-COOM-VE composites. Characteristic burning para-
meters include the peak heat release rate (HRR). Fig. 5 shows
the HRR curves of the flame-retardant Nt-Mn-PA-COOM-VE
(R = H, Li, Na, and K) composites, respectively. In comparison
with those of the flame-retardant VE composites, the curve of
the neat VE composite presented the sharpest changes among
all the measured samples. The HRR values reached were high
compared with the pristine VE. This trend indicated that the
ignited neat VER underwent violent burning, accompanied
with a large heat release. Importantly, as the size of the metal
ions as the dopant in the Nt-Mn-PA-COOH composite was
increased, the HRR was gradually reduced due to the formation
of chemical bonds between C—O in the VE polymer chains,
and free -OH and -NH in Nt-Mn-PA-COOM, which further
improved the nucleation density of the HRR in the VE
composite.

Fig. 5a shows that the HRR values of Nt-Mn-PA-COOK-VE
and Nt-Mn-PA-COONa-VE were significantly reduced com-
pared with the HRR values of pristine VE, and the Nt-Mn-
PA-COOH-VE and Nt-Mn-PA-COOLi-VE composites. Besides,
the HRR values of Nt-Mn-PA-COOK, and Nt-Mn-PA-COONa
were lowered by approximately 27 and 25 times when compared
with the HRR value of the pure VER composite due to the
incorporation of Na and K metal ions, which made strong ionic
chelation between the metal ions and the host VER polymer. In
particular, micro calorimeter analysis of the Nt-Mn-PA-
COOM-VE composites for the HRR were conducted for the
flame retardancy of the as-prepared pure VE and Nt-Mn-PA-
COOM-VE composites. A superior flame retardancy effect was
observed in comparison with the pure VE composite. We tested
three sets of composites for each experiment, for obtaining
concurrent results, and produced the average results. The HRRs of
VE and Nt-Mn-PA-COOM-VE (i.e., R = H, Li, Na, and K) compo-
sites were observed at 654 kW m 2, 175 kW m 2, 105 kW m?,
29 kW m™>, and 24 kW m™?, respectively. The Nt-Mn-PA-COOK,
and Nt-Mn-PA-COONa composites exhibited lower HRRs,
and higher thermal stabilities compared with Nt-Mn-PA-COOLI,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Nt-Mn-PA-COOH, and the pure VER composite. Fig. 5b shows
HRRSs of 96%, 90%, 84%, and 73% for Nt-Mn-PA-COOK, Nt-Mn-
PA-COONa, Nt-Mn-PA-COOLi, and Nt-Mn-PA-COOH,
respectively, as compared with pure VE. These results concluded
that after doping with the nanofillers, the stability of the
composites is increased and they exhibit a lower HRR.*?

Next, we investigated the Nt—-Mn-PA-COOK-VE and Nt-Mn-
COONa-VE nanofiller dopant quantities until saturated HRR
data were obtained using various wt% loadings. We tested the
nanofiller dopants from 1 wt% to 5 wt%. The saturation point
was observed at 4 wt% of Nt-Mn-PA-COOK-VE and Nt-Mn-
COONa-VE. Next, we observed two different HRR curves
obtained from Nt-Mn-PA-COOK (Fig. 5¢) and Nt-Mn-COONa
(Fig. 5d). Our nanofiller exhibited a 3D network structure with

© 2021 The Author(s). Published by the Royal Society of Chemistry

n-1 stacking within the polymer network. In general, the HRR
analysis exhibits a single decomposition curve but in our case
we found two different curves coming from 250 °C to 350 °C,
and from 460 °C to 560 °C, respectively, due to the decomposition
of pristine VE and Nt-Mn-PA-COOM nanofillers. This kind of
trend in decomposition is unique and significant.**

3.5. Horizontal burning test

During fire accidents, the material with a maximum tolerance
to fire is called a flame retardant material. To estimate the
flame retardancy properties of the novel Nt-Mn-PA-COOM-VE
composites, a horizontal burning test was performed and the
burning time and rate results are shown in Table 2. The
Nt-Mn-PA-COOM-VE composites exhibited a high burning

Mater. Adv,, 2021, 2, 4339-4351 | 4347
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time and low burning rate due to the lack of flammability by the
occupying metal ions, which are strongly anchored to the host
polymer by metal chelation in ionic clusters, as shown in
Fig. 5f. These ionic clusters strongly prevent oxygen from
entering the polymer chains. The burning time and burning
rate of all the polymer composites are shown in increasing
order from 6.2 min to 12.1 min. The burning rate gradually
decreased from 11.9 to 6.1 mm min ' for VE and Nt-Mn-PA-
COOM-VE (ie., R = H, Li, Na, and K), respectively. The results
showed that the novel Nt-Mn-PA-COOM as nanofillers
exhibited significant flame retardancy properties.

3.6. Morphologies of char residues

To investigate the doping concentration of Nt-Mn-COOM (i.e.,
R = H, Li, Na, and K) in the VE composite, the morphologies of

NEtMn-PA-COOH Composite

Charred Composite

Nt-Mn-PA-COOLI Composite

Charred Composite

Nt-Mn-PA-COONa Composite

Charred Composite

.- .
Nt-Mn-PA-COOK Composite

Charred Composite
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Nt-Mn-COOM were studied and the results are shown in Fig. 6.
The dispersions could be observed as white beads with a
diameter of 500 nm. The metal size increased with the increasing
atomic number of the metal. Fire resistance increased remarkably
with the content of Nt-Mn-PA-COOM because the metal ions
were strongly coordinated with the base VER organic matrices and
formed a shield on the surface of the burning polymer to retard its
further combustion. In particular, after the flame tests, the surface
morphologies of the Nt-Mn-PA-COOM composites were revealed.
Fig. 6a shows that cured Nt-Mn-PA-COOH (5 wt%) barely had
any char residue after the flame test, whereas the amount of
carbon residue in the flame-retardant VE thermosets evidently
increased with the increasing metal size in Nt-Mn-PA-COOM
(i.e., M =Li, Na, and K) due to the catalytic char formation effect of
the metal ions contained as dopants on VE.*° Fig. 6b shows the

TOLITY e—

Fig. 6 Digital images and magnified charred SEM images of Nt—-Mn-PA-COOM composites (i.e., M = Li, Na, and K) before and after the flame tests.
(a) Porous surface morphology with irregular pores; (b) Li metal depositions with the polymer network; (c) dense Na; and (d) K metal depositions were

observed on surface.
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lattice-like porous network morphology of Nt-Mn-PA-COOLI with
irregular holes due to the sizes of Li* ion and H" ion, which are
more or less similar in the Nt-Mn-PA-COOH and Nt-Mn-PA-
COOLi polymers. However, as the metal size increased in Fig. 6¢
and d the pores were filled by the Na and K because of the
increasing size of the metal. In the order of Nt-Mn-PA-COOH <
Nt-Mn-PA-COOLi < Nt-Mn-PA-COONa < Nt-Mn-PA-COOK-VE,
the composites displayed higher flame retardancy. Additionally,
the surface morphology gradually changed with the disappearance
of pores, which were occupied by the metal ions, and a compact
charlayer surface was formed. Such a compact structure is
beneficial for isolating heat and hindering pyrolysis gas transport
for the penetration of oxygen gas during the flame tests, thereby
protecting the underlying matrix from further combustion.*® The
changes in the char residue morphologies were consistent with the
good flame retardancy of the Nt-Mn-PA-COOM-VEs, as discussed
in the sections on the HRR tests.*®

3.7. Mechanism of flame retardancy

The pyrolysis and combustion of polymer composites occur in
numerous stages. The polymeric substrate heated by an external
heat source is pyrolyzed with the generation of combustible fuel.
Usually, only a part of this fuel is fully combusted in the flame by
combining with a stoichiometric quantity of atmospheric oxygen.
The other part remains and can be combusted by more forcing
means, such as in the presence of a catalyst and by an excess of
oxygen. Some of the released heat is fed back to the sample to
continue the burning cycle of pyrolysis. The other part is lost to
the environment. The polymer was decomposed into volatiles and
combustibles by the pyrolysis process. The amount of gaseous
products controls the flammability of the substrate. A flame-
retardant reaction occurs when a condensed phase chemical

View Article Online
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mechanism alters the pyrolysis path of the substrate and sub-
stantially reduces the amount of gaseous combustibles, usually by
favoring the formation of carbonaceous char and water. When
the combustion is decreased with an increase in the amount of
flame-retarding agent, the excess heat is released. In the gas-phase
chemical mechanism, the amount of leftover combustible matter
is constant but the heat released in the combustion decreases
with an increase in the amount of flame-retarding agent. The
flame-retarding moiety must be volatile and reach the flame in the
gaseous form. Otherwise, it decays and provides the active fraction
of its molecule to the gaseous phase. The char residue left over in
the substrate has a lesser amount of active agent. In addition, the
presence of the gas-phase active agent should not affect the
configuration of the volatiles reaching the flame.*’

With the abovementioned results, the possible flame-
retardant and smoke suppressant mechanisms are proposed
in Fig. 7. The early decomposition of Nt-Mn-PA-COOM-VE
instigated the generation of CO, through the combustion of
polymeric chains by degradation into monomers, including
dehydration of the VE matrix as a protective char, as shown
in Fig. 7a."® During the combustion process, a protective char
layer was formed and thermal decomposition of Nt-Mn-PA-
COOM-VE into a naphthalene-melamine (Nt-Mn) skeletal
structure was observed. In addition, Li, Na, and K ions can
help to accelerate the decomposition of Nt-Mn-PA-COOM-VE
and improve the char layer formation rate. An early formed
intumescent char can act as a barrier that prevents heat and O,
from being transmitted into the polymer matrix, thereby
hindering the combustible gases that are fed back into the
flame zone and subsequently suppressing the release of smoke
and toxic gases, as shown in Fig. 7b and c. Subsequently, Li, Na,
and K ions not only played a role in the oxidation of CO, but
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Fig. 7 Flame retardancy mechanism using 3D-networked Nt-Mn-PACOOM-VE composites.
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also exhibited a good synergic effect in Nt-Mn-PA-COOM for
improving the formation amount, intumescent degree, and
compactness of the char.**>°

4. Conclusion

In this study, we prepared a series of Nt-Mn-PA-COOM nano-
fillers doped in VE at various wt% ratios. The introduction of
Nt-Mn-PA-COOM in VE exhibited excellent flame retardancy
properties owing to the metal chelation effect with the base
polymer chains. Mainly, the Nt-Mn-PA-COOM nanofillers were
chemically bonded with the core VE polymer via the esterification
reaction, thereby enhancing the endurance of the polymer chains.
When the dopant metal ion size was increased, the flame
retardancy property also increased. These significant results were
obtained due to the chelation of metal ions with the host polymer,
thereby forming metal ion clusters with strong chelation. These
metal ion clusters strongly inhibited the penetration of elemental
oxygen gas during burning. The HRR and horizontal tests for the
novel nanofiller composites demonstrated superior flame
retardancy properties with respect to the pure VE composite. All
results showed that the comprehensive properties of flame
retardant VE were best when the amount of Nt-MN-PA-COOK
was 5 wt%. The novel Nt-Mn-PA-COOM nanofiller exhibited the
maximum flame retardancy property of 96% (K), 90% (Na), 84%
(Li), and 73% (H) when compared with pristine VER. Our work
can be validated for the flame retardancy property of effective
nanofillers for commercial applications.
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