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Abstract The present study describes an attempt to
induce the inherent flame retardancy to the epoxy resin
by incorporation of phosphorous and boron atoms in
the polymer backbone through the curing agents.
Phosphorous (PPc)- and boron (BPc)-containing pre-
cursors were synthesized and incorporated into the
commercial epoxy and hardener system with different
molar ratios. The structures of the synthesized com-
pounds were confirmed using hydroxyl value, Fourier
transform infrared spectroscopy, and nuclear magnetic
resonance spectroscopy. The thermal, physical, and
mechanical properties of the cured films were per-
formed using different testing methods. Thermogravi-
metric analysis and differential scanning calorimetry
results showed the overall increased thermal stability
and char yield along with the glass transition temper-
atures (7,) due to the incorporation of newly synthe-
sized phosphorus- and boron-containing compounds in
the coating films. The mechanical properties and
solvent resistance of the cured films were excellent.
The flame-retardant properties of the cured films were
increased with the incorporation of PPc and BPc. The
highest limiting oxygen index was obtained for the
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formulation with equal amounts of PPc and BPc as 29
while UL-94 showed the self-extinguishing behavior
within 10 s after ignition.
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Phosphorous oxychloride, Boric acid

Introduction

Epoxy resins are used in a number of applications such
as coatings, adhesives, automobiles, and aerospace.
The epoxies are one of the types of resins which find
such wide area of applications due to their excellent
adhesion to the substrates, low shrinkage upon cure,
outstanding mechanical properties, and very good
resistance to various solvents.” In spite of having many
superior pro?erties, they have very poor thermal or fire
resistance.””

Flame retardancy is one of the properties of poly-
mers which is of utmost importance from the safety
point of view.® During heating, an external source
increases the temperature of the polymer which causes
softening of the polymer leading to change its molec-
ular, physical, and mechanical properties. In the whole
process of the thermal degradation of the polymer, at
the initial stage, intermolecular chain scission occurs
with the release of lower molecular weight compounds
while in the final stage of oxidative decomposition low
molecular weight compounds burn and undergo
intramolecular bond degradation to form a char.”®
Hence, flame retardancy improvement has gained
serious attention in polymer industries and academic
research.

There are two ways to improve the flame retardancy
of the polymer, i.e., (a) additive approach and (b)
reactive approach. The additive approach involves just
the physical mixing of the flame-retardant (FR)
molecules into the polymer matrix while the latter
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one proceeds with the incorporation of FR molecules
into the polymer backbone through covalent bonding.
Though the first approach seems to be a simple option,
it has its own disadvantages such as migration of
additives during combustion, unwanted modification of
base polymeric functional groups by additive func-
tional groups, loss of final performance properties, and
requirement of additives in high concentration.
Numerous molecules containing various types of
heteroatoms in the structures have been tested to
improve FR properties of the material.”

The halogen-containing additives or reactive com-
pounds were popular in industries for imparting flame
retardancy to the polymer™” due to their low cost,
optimum performance, and limited effect on the end
properties of the polymer. But, they have been
discontinued because their mechanism of action in
the gaseous state produced free radical scavengers
which led to potential health and environmental
hazards.'"”"® On combustion, the halogenated com-
pounds produce highly reactive halide groups and toxic
smoke which have the tendency to bioaccumulate in
the environment and affect human health by decreas-
ing immunit?l, affecting neurology and reproduction
systems.' >4

In the past decade, many researchers have shown
that the phosphorus- and boron-containing organic
compounds tend to impart flame retardancy to the
polymer.'*'? The organophosphorous compounds im-
part flame retardancy through the formation of the
char layer between the substrate and the flame.>'” At
elevated temperatures, these compounds form the
polyphosphoric acid which acts as a char layer and
the water which lowers the temperature.'”"’

The char formation also restricts dripping of the
burnin$ material and thus hinders the flame propaga-
tion."”” Unlike halogen-containing flame retardants,
they do not bioaccumulate and thus environmental
hazards are subsequently lowered.**” The boron-con-
taining compounds are of interest since these materials
are cheay, nontoxic, and able to render high thermal
stability.”!** These compounds tend to increase the
production of char through the synergistic effect by
forming the glass-like layer and water after combus-
tion.>* Apart from their individual mechanisms of
flame retardancy, many researchers have reported the
enhanced synergistic effect due to the formation of an
adjuvant boron phosphate in the condensed phase.’

The availability, cost-effectiveness, and environmen-
tal regulations are forcing researchers to utilize bio-
based materials for the synthesis of polymers.>**>
Isosorbide is one of the bio-based materials of interest
with negligible toxicity.?® Its penta-ring structure is
known to impart rigidity while its dual functionality
due to hydroxyl groups makes it usable for the
production of polymers with improved thermal and
mechanical properties.?’

The current work reports the synthesis of two
precursors from isosorbide which can be used for FR
applications. One precursor uses the phosphorus
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source as phosphorus oxychloride while another uses
the boron source as boric acid. The final structures of
the compounds were characterized, and thermal,
mechanical, and FR properties of the cured epoxy
films with different molar ratios of synthesized precur-
sors were checked and presented here.

Materials and methods
Materials

Isosorbide, phosphorous oxychloride (POCI3), and tri-
ethylamine (TEA) were procured from Sigma-Aldrich.
Methyl ethyl ketone (MEK), methanol, butanol,
dimethyl sulfoxide (DMSO), boric acid (BA), xylene,
silica gel, sodium hydroxide (NaOH), acetone, and
tetra-n-butyl ammonium bromide (TBAB) were pro-
vided by SD Fine Chemicals. Epoxy resin was supplied
by Grand Polycoats Pvt. Ltd. (epoxy equivalent weight
[EEW] = 184) while polyether amine D230 (amine
hydrogen equivalent weight [AHEW] = 60) from
BASF Ltd. was used as a commercial hardener. All
chemicals were of LR grade and were used without any
treatment. The mild steel panels were used for the
coating application.

The reaction of isosorbide and POCI;

In a 250-mL three-necked flask equipped with a
mechanical stirrer, a condenser, and a nitrogen balloon
for inert atmosphere, isosorbide (14.69 g, 0.1 mol) was
added along with TEA (10.24 g, 0.1 mol) as a catalyst
and 50 mL acetone as a solvent. The flask was
maintained at 0°C using an ice bath, and POCI;
(5.13 g, 0.03 mol) was added dropwise for 2 h. The
reaction mixture was then stirred continuously for 24 h
at room temperature. After 24 h, the pH of the
reaction mass was adjusted to 7 using 0.1 N NaOH
followed by the filtration using the silica bed. The
solvent was then evaporated using the rotary vacuum
evaporator to obtain the final compound as the dark
yellow liquid (PPc) (yield = 93%, b.p. = 213-218°C).
The reaction scheme for the same is shown in Fig. 1.

The reaction of isosorbide and boric acid

In a 250-mL three-necked flask equipped with a
mechanical stirrer, a condenser, and a nitrogen balloon
for inert atmosphere, isosorbide (20.17 g, 0.13 mol)
was added along with xylene (50 mL) as a solvent. The
reaction mixture was then stirred at 60°C followed by
the addition of TBAB (0.5 wt%) and dropwise addi-
tion of TEA (6.98 g, 0.06 mol) for 1 h. After that, lot-
wise addition of BA (2.84 g, 0.04 mol) was done at
110°C and the reaction mixture was continuously
stirred for 12 h. After 12 h, salt was separated by using
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Fig. 1: Reaction of isosorbide and POCI;

the silica bed and solvent was evaporated to obtain the
final product as a pale yellow liquid (yield = 88%,
b.p. = 289-291°C). Figure 2 shows the reaction
scheme for the same.

Formulation of the epoxy coating films

The coatings were prepared by direct mixing of the
obtained compounds in the required ratios along with
the commercial epoxy/hardener system. The solvent
mixture of MEK/butanol/methanol was used in the
proportion of 2:1:2. These formulations were subjected
to magnetic stirring at 70°C to obtain a homogeneous
mixture of all the components. The detailed formula-
tions are given in Table 1. The obtained formulations
were applied on the steel panels and cured in an oven
at 120°C for 4 h after air drying for 1 h. The steel
panels were rubbed using sandpaper and cleaned with
acetone prior to use. The separate films were also
made by pouring the obtained formulations in the
Teflon molds.

OH

o} 1) 60 °C, 0.5 h/ Xylene
2) 80 °C, TBAB/TEA, 1 h

+ HO—B—OH

d 3)110°C,BA,12h
OH

HO

Isosorbide Boric acid

Fig. 2: Reaction of isosorbide and BA
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Characterization

To evaluate the hydroxyl groups present on PPc and
BPc, hydroxyl value was calculated according to
ASTM D4272-16 using acetic anhydride-pyridine
method. The hydroxyl value was calculated using the
following equation:

[B—S]><WN><56.1 0

Hydroxyl value =

where B is the burette reading for blank (mL); S,
burette reading for sample (mL); N, normality of
alcoholic KOH solution; and W, weight of the sample
(2)

To determine the gel content, the cured films were
carefully peeled off from the Teflon sheet. The known
weight of polymer film was kept in the solvent mixture
(50:50) of xylene and dimethylformamide (DMF) at
room temperature for 24 h followed by the drying of
the film at 80°C until constant weight was achieved.
The gel content of the cured film was then determined
by the following formula:

OH

HO

OH
BPc
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Table 1: Formulations of the epoxy coatings

Sample name Commercial epoxy (mol%)

Commercial hardener (mol%)

BPc (mol%) PPc (mol%)

F1 100
F2 100
F3 100
F4 100

100 - -
50 50 -
50 - 50
50 25 25

Gel content (%)
__ Weight of the coating after 24 h of solvent immersion

100
Initial weight of the coating *

(2)

ASTM D570 was used to determine the water
absorption of the cured coating film in which the film
was weighed before soaking into the water for 24 h.
After 24 h, the film was removed from the water and
dried with a paper towel to achieve a constant weight.
Water absorption was determined from the differences
in the weight of samples before and after soaking the
water according to the following equation:

Wy — W;
Water absorption (%) = (fW—l) x 100 (3)

i

W; is the final weight of the coating after water
absorption test and W; is the initial weight of the
coating before water absorption test.

The chemical structures of PPc and BPc were
identified by Fourier transform infrared (FTIR) spec-
troscopy on a Bruker ATR spectrophotometer, USA.
The spectra were observed in the 600-4000 cm !
wavelength range. The structure confirmation of PPc
and BPc was done by 'H and ">C nuclear magnetic
resonance (NMR) spectroscopy. 'H and '*C NMR
spectra of the product were analyzed using Bruker
DPX 800 MHz spectrophotometer with dimethyl sul-
foxide (DMSO) as a solvent.

Thermogravimetric analysis (TGA) of cured epoxy
films was performed on Perkin Elmer TGA 4000
instrument under the nitrogen atmosphere. Thermal
analysis was monitored in the temperature range 40—
600°C with 20°C/min heating rate. Differential scan-
ning calorimetry (DSC) (TA Q100 analyzer, USA) was
employed for the determination of the glass transition
temperature (7,) of cured films. The film sample was
weighed accurately in an aluminum pan and heated at
40-120°C temperature range with the heating rate of
10°C/min.

The coatings were characterized by performing
various mechanical tests according to ASTM stan-
dards. The adhesion of the coating to the substrate was
examined by the cross-cut test according to ASTM D-
3359. On the coating surface, lattice marking of 1 cm?
was done until the metal surface was exposed followed
by the application of adhesion tape over lattice
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marking. The adhesive tape was then pulled out from
the coating surface, and adhesion failure was examined
over the lattice marking as per ASTM standard. Pencil
hardness test was carried out according to the ASTM
D-3363. Scratch was made on the coating surface by
using 6B-6H range of pencils at an angle of 45°. Impact
properties of the coatings were evaluated by dropping
a weighted ball of 1.36 kg from the maximum height of
60 cm onto the coated surface. The flexibility of the
coatings was evaluated by using conical mandrel as per
ASTM D-522. The coated panels were fixed onto a
conical mandrel and were bent to analyze the coating
flexibility.

The flammability of the cured samples was investi-
gated by limiting oxygen index (LOI) test carried out
on Dynisco, USA, according to ASTM D2863 proce-
dure. The UL-94 vertical burning test was carried out
according to ASTM D1356-2005. Sample specimens
having a size of 125 x 12.5 x 3 mm were mounted
vertically, and the flame was introduced for 10 s to the
specimen at an angle of 45°. The detailed rating is
given in Table 2.

Results and discussion
Physicochemical analysis

The physicochemical analysis was performed to eval-
uate the structure of both compounds using equivalents
of the functional group present in the molecule. The
theoretical and practical values obtained after the
calculations were comparable and suggest the desired
compound formation. The values are depicted in
Table 3.

FTIR and NMR analysis

Figures 3 and 4 show FTIR graphs of PPc and BPc,
respectively. The peak observed at 3354 cm™' is
attributed to O-H stretching vibration. The reduction
in peak intensity in the corresponding FTIR graphs of
PPc and BPc shows the reaction has proceeded in the
forward direction. The peaks at 2951 cm™' and
2878 cm ™' are attributed to C—H stretching vibrations
while the peak at 1469 cm~' corresponds to C-C
stretching in the five-membered ring of the isosorbide.
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Table 2: UL-94 rating

Rating Description

V-0 Burning stops within 10 s on a vertical specimen; drips of particles are allowed as long as they are not inflamed
V-1 Burning stops within 30 s on a vertical specimen; drips of particles are allowed as long as they are not inflamed
V-2 Burning stops within 30 s on a vertical specimen; drips of flaming particles are allowed

Table 3: Physicochemical analysis of the obtained products

Sample Theoretical hydroxyl value (mg KOH/gm of the sample) Practical hydroxyl value (mg KOH/g of the sample)

PPc 161.2 150.9
BPc 148.7 132.1

The characteristic peaks obtained in FTIR graph of
PPc at 1230 cm™' and 1007 cm™' are attributed to
P = O and P-O-C linkages, respectively, which indi-
cate the successive incorporation of POCI; into the
isosorbide. As seen from FTIR spectra, some of the
peaks of PPc are likely to merge with the peaks of
isosorbide and the final structure confirmation was
done using NMR analysis.

Similarly, graphs in Fig. 4 also show the peak at
3367 cm™' which is attributed to O-H stretching
vibrations. Also, the peaks at 2946 cm™' and
2874 cm™! are due to the presence of C-H stretching
vibrations. The peak formed at 1408 cm ™' is due to B—
O stretching which indicates the successive etherifica-

1070 tion of BA with isosorbide. The peak at 1287 cm s

——— 77— attributed to C-O linkage present in the isosorbide

4000 3500 3000 2500 2000 1500 1000 500  while 1047 cm ' indicates the presence of O—H group

Wavenumber (cm™) in the compound. Hence, FTIR analysis confirmed the
desired product formation through the identification of

Fig. 3: FTIR analysis of PPc synthesis the functional groups.
Figures 5a, 5b and 6a, 6b show the 'H NMR and *C
7 NMR spectra of PPc and BPc, respectively. NMR
provides the supporting information for the confirma-
tion of the structure of the final desired molecule. 'H
NMR spectra of PPc show the peaks around 2.47-
2.5 ppm which are attributed to the protons of the CH,
present in the isosorbide. The peaks around 3.02-
3.2 ppm and 4.06 ppm are attributed to the bridged
protons between the two five-membered rings of the
isosorbide. The peaks at 3.8 ppm and 4.3 ppm are the
characteristic peaks which confirm the presence of free
hydroxyl group in the final molecule and the protons
attached to the carbon of P-O-C linkages, respec-
tively. Similarly, *C NMR of PPc shows the charac-
teristic peaks of carbons attached to the hydroxyl
groups as well as the carbons attached to the phos-
— phorus through the oxygen bridge around 81 ppm and

4000 3500 3000 2500 2000 1500 1000 500 88 ppm, respectively.
Wavenumber (cm™") Figure 6a shows the characteristic protons of the
hydroxyl groups and the protons of the carbons of B—
Fig. 4: FTIR analysis of BPc synthesis O-C linkages around 3.1-3.3 ppm and 5.1 ppm, respec-

Isosorbide

Transmittance (%)

Transmittance (%)
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<«Fig. 5: (a): "H NMR spectra of PPc. (b): '*C NMR spectra of

PPc
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Fig. 7: TGA curves and char yield values of the epoxy
cured films

tively. All the other respective peaks of the protons of
the isosorbide are also present in the spectra. Similarly,
the peaks of carbons attached to the hydroxyl groups
were identified in '*C NMR spectra BPc around
81.5 ppm while the carbons of the B-O-C linkages
were found between 88.01 ppm and 88.2 ppm. All the
other aliphatic carbons of both the rings of the
isosorbide including the bridged carbons were also
identified which confirmed the desired product forma-
tion.

Thermal properties

TGA of the coating films was conducted to examine
the change in mass as a function of temperature. The
weight loss curve (TGA) and the rate of the weight loss
curve (derivative thermogravimetry—DTG) provide
information about the thermal stability of the material.
Figures 7 and 8 show TGA and DTG curves of the
cured coating films, respectively, while the thermal
characteristic values are depicted in Table 4. The
initial weight loss temperature depends mainly on the
interchain scission of the polymer chains, and hence, as
the packing density of the polymer chains increases,
the amount of energy required to break this interchain
bonding also increases. The structures of the synthe-
sized compounds are bulky which may hinder proper
packing of the polymer chains while curing and thus
lowering the energy are required to break the inter-
chain linkages. The results reveal that the initial
degradation temperatures of the cured films decreased
for the films with the incorporation of PPc and BPc and
these decreased further for the formulation F4. At the
same time, the final degradation temperatures of the
coating films increased with the incorporation of PPc
and BPc, suggesting the very good thermal stability of
the coating films at higher temperatures. The char yield
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Fig. 8: DTG curves of the epoxy cured films

values at 600°C showed the linear increase with the
incorporation of PPc in the system while the formula-
tion with the equal amount of PPc and BPc had the
highest amount of char yield which can be attributed to
the synergistic effect of phosphorus and boron. The
phosphorus and boron not only increase the char
formation but also increase the ability of the material
to resist the fire.”®*” Owing to the bulky nature of the
chemical structures of the synthesized PPc and BPc,
there must be some amount of steric hindrance present
due to three isosorbide rings and at the same time,
these structures being multifunctional act as a
crosslinking density builder in the coating system.
Hence, though the thermal stability should increase
only because of the presence of phosphorus and boron,
there are some adverse effects present because of the
chemical structure of the synthesized molecules. This
explanation can be seen visually from DTG curves
where the peak degradation rate temperatures got
decreased in the case of the formulation with both the
synthesized moieties.*

T,s of all the samples are reported in Table 4 while
the DSC thermograms are shown in Fig. 9. The
increase in the T, is due to the incorporation of
phosphorous and boron which serve as rigid
heteroatoms and the bulky structure of the isosorbide.
Though PPc and BPc are increasing the voids in the
system, their multifunctional structure simultaneously
increases the crosslinking density which restricts the
segmental motion in the polymer chains and thereby
increases the hardness of the films. All these factors
combinedly lead to a significant increase in T, from
48.06°C to 78.17°C.>"*

Mechanical properties
Various tests such as impact, flexibility, pencil hard-

ness, and crosshatch tests were performed on the
coated panels to evaluate the mechanical properties
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Table 4: Thermal properties of the epoxy cured films

Sample name 15% weight loss (°C) 30% weight loss (°C) Residue at 600°C (wt%) Ty (°C)
F1 333.7 353.4 7.3 48
F2 338 378.1 10.8 63
F3 330.8 348.3 11 70.1
F4 314.6 340.1 11.6 78.1
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Fig. 9: DSC thermograms of the epoxy cured films

Table 5: Mechanical properties of the cured coatings

Temperature (°C)

Sample Impact test (cm) Flexibility Solvent scrub (rubs) Pencil hardness Crosshatch adhesion test
F1, F2, F3, F4 60 Pass > 400 4H Pass

102
of the coatings. Generally, the changes in the crosslink- 100
ing density obtained by the modification in the resin 5
govern the mechanical properties, gel content, and the % 1.8 e
water absorption of the coatings. Excellent mechanical 9
properties were attributed to the strong crosslinked 04 29
network obtained with three-arm structures of PPc and o 96.4 97.1 o
BPc. There was no crack observed in any formulation '
of the obtained coatings in the impact tests even from 90 e
the 60-cm fall of the ball of 1.36 kg. Similar results 88

Fi1 F2 F3 F4

were observed in the case of flexibility and pencil
hardness tests. The results of the crosshatch test
revealed the coating films had a very good adhesion
to the mild steel substrate. The results of the various
mechanical tests are presented in Table 5.

The gel content and water absorption were con-
trolled by the crosslinking density and the nature of the
coating which showed the increased gel content and
thus decreased water absorption values after the
loading of PPc and BPc. The obtained results are
shown in Fig. 10.

= Gel content (%) Water absorption (%)

Fig. 10: Gel content and water absorption values of epoxy
cured films

Flame-retardant properties

The flame-retardant properties of the various epoxy
formulations were checked by LOI and UL-94 vertical
burning tests and are presented in Fig. 11. It was
observed that the standard epoxy coating had the lowest
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Fig. 11: LOI
formulations

and UL-94 results of the epoxy cured

LOI as compared to other PPc and BPc formulations.
The highest LOI was shown by F4 which contains both
PPc and BPc, and the reason for this can be supported by
DSC results and the char yield value of F4. The
crosslinking density, the phosphorus, the boron, and
the rigid or bulky structure of the isosorbide ring had
played a vital role in increasing the flame retardancy of
the overall system. UL-94 vertical burning test showed
that F1 did not show the self-extinguishing behavior
even after removal of the flame while all the other
formulations were able to quench the flame within 10 s
after removal of the flame. None of the formulations
were dripped while burning except F1.

Conclusion

The flame-retardant precursors for the partial replace-
ment of the commercial epoxy resin as well as for
commercial hardener were successfully synthesized
from isosorbide, a bio-based material. The structure
confirmations were done using the hydroxyl values
which were supported by the FTIR and NMR results.
The flame retardancy was checked using LOI and UL-
94 vertical burning test which showed that F4 had the
highest LOI value of 29% and self-extinguishing
behavior with no dripping. BPc and PPc formulations
had better structural and thermal stability due to the
crosslinking density and presence of rigid isosorbide
ring and phosphorus which was reflected in the
mechanical tests, char yield, T, and thermal degrada-
tion results. A similar trend of results was observed in
the gel content and water absorption tests where
crosslinking density and packing of the polymer chains
usually drive the properties. These BPc and PPc
precursors can be used for the development of other
types of resins like polyurethanes, alkyds, etc., depend-
ing upon the final end application.
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