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Abstract In this work, a novel bio-based phosphorus-
containing reagent was synthesized and characterized.
To obtain a flame retardant agent with acid function-
ality, 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) and bio-based itaconic acid were first
reacted. The synthesized acid then was reacted with
glycidyl methacrylate to form a difunctional phospho-
rus-containing methacrylate flame retardant monomer.
The flame retardant monomer was added to a reactive
monomer matrix with a photoinitiator to prepare UV-
curable coatings. The molecular structure of the flame
retardant was confirmed by Fourier-transform infra-
red-attenuated total reflection spectroscopy and proton
nuclear magnetic resonance (‘"H NMR) spectroscopy.
The flame retardant behavior of coatings was deter-
mined using limiting oxygen index. Thermal behaviors
of the films were studied by thermal gravimetric
analysis. Furthermore, scanning electron microscopy/
energy-dispersive spectroscopy was used to determine
the elemental composition and to observe the mor-
phology of the coatings. The properties (water adsorp-
tion, gel content, etc.) of the coatings were also studied.
It was found that the addition of DOPO resulted in a
significant improvement in the flame retardant and
thermal properties of the coatings.
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Introduction

Due to their lightweight and very useful properties,
polymers are increasingly used instead of metal and
ceramics in so many different applications such as,
automotive industry, construction, and paints. How-
ever, polymers are more flammable than metals and
ceramics because they have organic chemical struc-
tures such as, carbon and hydrogen.'” While the cost
of the damages caused by the combustion of polymers
corresponds to 1% or 2% of the country’s budgets on
average, the death of People and the damage to the
environment are large.*°

In this context, the use of flame-retardants, which
have been used since the 1970s, has increased due to
the increase in polymer consumption, while the use of
many flame retardants has been prohibited due to the
harm they cause to human health and the environ-
ment.”® Because of toxic gases and smoke they emit
during combustion, the use of healthy and more
environmentally friendly halogen-free flame-retardants
isz increasing instead of halogen-containing chemicals.””

One of the flame-retardants, DOPO (9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide) has been
used commercially due to its non-toxicity and high fire
retardant feature. It is especially used in many fields
such as epoxy, polyurethane and so on. With the
modification of the DOPO chemical, the application
areas are also expanding.'*?!

Due to the decrease in petroleum and petroleum
derivatives, the prices of chemicals used in polymer
production increase production costs. In addition, due
to the negative effects of these chemicals on human
health and the environment, research on the use of
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sustainable, nature-friendly and bio-based chemicals
that do not harm human health is increasing.”*%°

Itaconic acid is one of the most widely used bio-
based chemicals, produced industrially mainly by
fermentation with Aspergillus terreus. Due to its
reactive carboxylic acid functionalities and «, f-unsat-
urated double bond, it is suitable for modification and
reacting with other raw materials. This bond aids in
crosshnklng with the help of thermal or ultraviolet
light.?’

The use of UV curing technology has become
widespread in recent years due to the fact that the
reactions take place in a short time in the order of
seconds, it requires less energy and is environmentally
friendly because it does not contain solvents. This
technology, which has become widespread with 3D
printers, is very useful, especially for the productlon of
plastic materials with its ease of application.”’

In this present study, we report the synthesis and
characterization of a novel phosphorous-containing
difunctional flame retardant chemical agent, as a UV-
curable monomer. The monomer was used for the
preparation of flame-retardant UV-curable coatings.
The flame retardant DOPO chemical was first reacted
with itaconic acid to obtain a difunctional acid. Later,
this acid was modified with glycidyl methacrylate to
obtain a difunctional acrylic monomer suitable for UV
curing. The molecular structure of the flame retardant
has been performed by means of Fourier-transform
infrared-attenuated total reflection (FTIR-ATR) spec-
troscopy and proton nuclear magnetic resonance (‘H
NMR) spectroscopy. The flame retardant monomer
was put into a reactive monomer matrix with a
photoinitiator to prepare UV-curable coatings. The
flame retardant behavior of coatings has been con-
ducted using limiting oxygen index (LOI). Scanning
electron microscopy (SEM)/energy-dispersive spec-
troscopy (EDAX) was for determining the elemental
composition and observing the morphology of the
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coatings. The physical properties (contact angle, gel
content etc.) of the coatings were studied. It was found
that the incorporation of DOPO led to a significant
improvement in the flame retardant and thermal
properties of the UV curable coatings.

Experimental
Materials

9, 10-Dihydro-9-oxa-10-phosphaphenanthrene-10-ox-
ide (DOPO) was obtained from MCT CHEM. Itaconic
acid (IA) (299%), N-vinyl-2-pyrrolidone (NVP)
(97%) and trimethylolpropane triacrylate) (TMPTA, >
95.0%) were purchased from Sigma-Aldrich. Glycidyl
methacrylate (GMA) (= 97%) was bought from Mit-
subishi Gas Chemical Company, Japan. Chloroform
(CHCl3) (99.9%), sodium hydroxide (NaOH) and
acetone were obtained from Merck. The aliphatic
polyester acrylate (LAROMER LR8992) was pro-
vided from BASF. 1-Hydroxy cyclohexyl phenyl
ketone (Irgacure 184) was obtained from Ciba Spe-
cialty Chemicals and used as a radical photoinitiator.
All other materials were used without any further
purification.

Synthesis
Synthesis of DOPO-ITA

DOPO-ITA synthesis was accomplished according to
an adapted procedure (Fig. 1).”® DOPO (0.1 mol,
216.7 g), itaconic acid (0.1 mol, 130.1 g) and xylene
(500 mL) were put into a 5-necked round-bottomed
flasks with a volume of 1000 mL, fitted with a
condenser, nitrogen inlet, an overhead mechanical
stirrer and a Dean and Stark trap. The reaction was
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Fig. 1:
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Fig. 2: DOPO-DMA from the reaction of DOPO-ITA with GMA

Table 1: Formulations of UV curable coatings

Samples Laromer LR 8992 DOPO-DMA TMPTA Irg-184 NVP
(%) (%) (%) (%) (%)
Control-Fq 70 - 20 3 10
F 66.5 3.5 20 3 10
F 63 7 20 3 10
Fs 56 10 20 3 10

performed about 5-6 h at 130°C. The reaction was
stopped, and heat was removed. The crude DOPO-
ITA was washed with acetone three times and then the
white solid (DOPO-ITA) was obtained. The purified
DOPO-ITA as a solid was obtained after the drying at
80°C. After holding 24 h in a vacuum oven, a white
solid was obtained with a yield of 78%.

Synthesis of DOPO dimethacrylate (DOPO-DMA)

First, the solution was prepared with 532 g
(15.8 mmol) DOPO-ITA in 20 mL distilled water or
1.2 g sodium hydroxide in 15 mL distilled water and
then mixed in a flask equipped with a magnetic stirrer
(Fig. 2).* Next, the prepared solution was stirred by
adding GMA (8.0 g, 56.3 mmol) at 70°C for an
additional 2 h. The reaction mixture was then ex-
tracted with chloroform (3 times) and the solvent
phase was separated to isolate the product. The
remaining solvent and water were evaporated on a
rotary evaporator. A yellowish liquid was obtained in
65% yield.

Preparation of UV curable compositions

The compositions of DOPO-DMA containing pho-
tocurable formulations are given in Table 1. Firstly, an
aliphatic polyester acrylate (Laromer LR 8992), a
diluent (TMPTA), a reactive solvent (NVP) and a
photoinitiator (Irgacure 184) were mixed to prepare a
blank UV-curable mixture (Fy). Different formulations
were prepared by decreasing the amount of the
polyester and by adding DOPO-DMA instead. Each
formulation contains 0%, 5%, 10% and 20% DOPO-
DMA, separately. UV curing process is schematically
shown in Fig. 3.

The film was obtained by pouring a UV curable
viscous formulation into a Teflon coated mold
(10 mm x 50 mm x 1 mm). After irradiation for
180 s under a UV lamp, a photocurable coating having
a thickness of about 1 mm was obtained. The hybrid
coating was washed with excess distilled water for 24 h
to remove unreacted monomers and initiator residues.
Then the films were dried in a vacuum oven at 30°C for
5 h. Formulations of UV-curable coatings are given in
Table 1.
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Fig. 3: A schematic illustration of the UV curing process
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Fig. 4: ATR-FTIR spectra of DOPO-ITA

Results
FTIR spectra of the synthesized compounds and the

prepared films were determined with JASCO FT/IR-
4200 with ATR (JASCO Corp., Tokyo, Japan), which
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can make measurements in a wavelength 4000-
700 cm™! at a resolution of 4 cm~! with 16 scans
(Spectra Manager II software, JASCO Corp., Tokyo,
Japan). ATR-FTIR spectra of DOPO-ITA and its raw
materials are shown in Fig. 4. In the spectrum of ITA
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there is a peak at 1625 cm™ related to (C=C) double
bonds. The other peak at 1680 cm ™' is related to acid
functional groups. After reacting with DOPO, the peak
at 2385 cm ! (P-H) was disappeared with the peak at
1625 cm™! that shows us all the double bonds is reacted
with the P-H in the DOPO structure. The acid peak is
shifted toward the wupper region to a peak at
1703 cm™!, providing evidence that the acid peak is
bonded to a bulky aromatic structure. The other peaks
between the regions of 1580-1610 cm ™' are sourced
from the aromatic rings coming from the DOPO
structure The peaks at 1242 cm™! (P=0) and
910 cm ™' (P-O-phenyl) are also evidence of that the
DOPO successfully reacted with itaconic acid.

For further analysis of molecular structure, 'H-
NMR spectra were recorded on Mercury-VX 400 MHz
Model NMR spectrometer and are shown in Fig. 5.
Deuterated chloroform (CDCIl;) was used to dissolve
the samples. In the DOPO spectrum, the signals
between 6.50 and 8.92 ppm can be attributed to the
phenyl protons. In the ITA spectrum, the chemical
shift at 12.25 ppm is related to carboxyl protons
indicating the presence of acid groups. In the DOPO-
ITA spectrum, there are several chemical shifts (2.40,
2.70,3.25,7.20-8.3 and 12.5 ppm) showing that primary
C-H, phenyl-H and carboxylic acid protons are in the
chemical structure, respectively. These results prove
that the reaction was achieved between DOPO and
ITA successfully.

In the ATR-FTIR spectra of GMA, DOPO-ITA
and DOPO-DMA given in Fig. 6, C=0 stretchrng
vibrations are observed at 1715, 1704 and 1716 cm

respectively. The vibration of —C=C- vinyl carbons is
observed at 1635 cm™'. The absorption peaks in the
GMA spectrum at 1257 1111, and 996 cm™' are
attributed to the epoxy group of GMA

In the ATR-FTIR spectrum of DOPO-DMA, these
peaks are not seen due to the reaction of the epoxide
group of GMA with the carboxylic acid groups of
DOPO-ITA. Also, the new broad peak is observed at
3413 cm~'. This is attributed to —OH groups of
DOPO-DMA that is sourced from the opening of the
epoxide groups of GMA while reacting with carboxylic
acids.

In Fig. 7, thermal gravimetric analysis (TGA) results
show that the addition of DOPO-DMA improves the
thermal properties. In the blank film, the polymer
undergoes thermal degradation beginning at nearly
350°C. In the case of the films containing 10% and 20%
DOPO-DMA, similar behaviors were observed and
the results showed a significant inhibition of thermal
degradation beginning at 425°C. It was also observed
that the addition of DOPO-DMA increased the char
yield. Thermal properties of UV curing formulations
were given in Table 2.

The gel content (insoluble fraction) of the UV-cured
films is the indication of the degree of crosslinking. It
was determined by measuring the weight of the
insoluble parts of the films after 6 h of Soxlet extrac-
tion with acetone at the boiling point. The values were
obtained between 95% and 99% as shown in Table 3.
The increase in the amount of the DOPO-DMA in UV
formulations resulted in higher gel content showing an
increase in crosslinking degree.
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Fig. 5.: TH NMR spectra of DOPO, ITA and DOPO-ITA
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Fig. 6: ATR-FTIR spectra of GMA, DOPO-ITA and DOPO-DMA
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Fig. 7: TGA measurement under nitrogen atmosphere of the films containing different amounts of DOPO-DMA: (a) 0%, (b)
10% and 20%

Table 2: Thermal properties of UV curing formulations

Sample Ts (°C) Timax (°C) Residual mass (%)
F1 302 409 0.19
P2 292 411 3.43
F3 296 419 5.33
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Table 3: The gel contents of UV-curable films

Sample Minitiar (9) Minar (9) Gel content (%)
Control-Fq 0.270 0.258 95

F; 0.212 0.202 95.2

Fs 0.346 0.34 98.2

F3 0.342 0.340 99

Table 4: The mechanical properties of DOPO-DMA films

Sample Tensile modulus (MPa)  Tensile strength

(kg/em?)

Elongation at

Tensile strength (N) Elastic tensile strain (%)

break (%)

290
301
306
336

278
278
265
252

Control-Fq

17.
13.
12.

12

4 29.5
3 28.7
2 28.6

24.8

222
141
121
12

21,5
21
20,5
20

__ 195
19

LOI (%

18,5
18
17,5
17

16,5

Fig. 8: LOI values of the films

The mechanical properties of the UV-curable films
were determined by standard tensile elongation tests to
measure modulus of elasticity (E), tensile strength (a),
and elongation at break (&). The tests were performed
at room temperature using a Devotrans DVT tensile
tester with a crosshead speed of 5 mm/min. The
measurements represent the average of at least 5 runs.
The Young’s modulus, ultimate tensile strength and
elongation values of the films showed that the increase
of the amount of DOPO-DMA in UV-curable formu-
lations led to higher hardness values due to the
increased crosslinking degree. Elongation and strength
of the films were decreased disproportionally with
crosslinking degree. All test results were shown in
Table 4.

Fo Fi F2 Fs

The LOI values of the prepared films were mea-
sured by using a LOI (Devotrans) type instrument, on
the test specimen bar of 50 x 10 x 1 mm? according to
ASTM D2863-08. The LOI values of the DOPO-DMA
films were increased as the amount of DOPO-DMA
was increased in the UV-curable formulations. The
LOI values of the films were graphed in Fig. 8. An
increase in DOPO content in the formulations led to
an increase in LOI values from 18% to 21.2%.

As seen in Fig. 9, pictures were taken while
performing the LOI tests to determine the burning
states of the films, F (not containing phosphorous) and
F, (containing maximum phosphorous). After 42 s
from the ignition, F4 was self-extinguished at the LOI
value of 21.2% but F; continued to burn at a low value
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Tinitia=0 S

Fig. 9: Initial (i,itia)) and post-burning (£ina)) flammability behavior of UV-curable Fy, and F, films

F, 58° F; 64°

Fig. 10: Contact angle images of films
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of 18. This may be attributed to the effect of the flame
retardant in F, film. The flame retardant DOPO led to
a tightly bonded intumescent char that inhibited the
spread of flame by acting as a thermal barrier
preventing heat and mass transfer. In addition, phos-
phorous containing low molecular weight species
may have reacted with existing ‘H and -OH radicals
while burning, inhibiting exothermic oxidation reaction
by reducing the energy feedback with radical scaveng-
ing. 4042

Hydrophilic or hydrophobic nature of the films was
determined by contact angle analyses of the coating
surfaces with water using Kruss Easy Drop DSA2. For
this, 3-5 pL drops of distilled water were put on the
surfaces for measurements. At least three measure-
ments were conducted for each film. The contact angle
values were increased with an increase for DOPO-
DMA in the UV formulations as shown in Fig. 10. This
may be due to the hydrophobic benzene rings in the
DOPO-DMA structure.

SEM imaging of coatings was performed on Philips
XL30 ESEM-FEG/EDAX. Film samples were pre-
pared by freeze fracturing in liquid N, and applying a
gold coating of approximately 300 A. The morphology
of the prepared films were analyzed by SEM-EDAX
mictograms as shown in Fig. 11. It was observed that
the control film (Fy) has a smooth structure. When the
modified-DOPO loadings increase from 0 to 20 wt%,
the impact fracture surface becomes increasingly
rough. These results are similar to other studies in
the literature.* In other words, the increase in the
roughness of the prepared films also explains the
increase in the contact angle value. It has been stated
in other academic studies that the contact angle
increases as the roughness increases.** As seen in the
elemental compositions of the control film without
DOPO-DMA, there is no phosphorous in its structure.
The elemental compositions of the other films show
that there is a phosphorous element in each formula-
tion and the intensity of the phosphorous peak
increases with increasing of the DOPO-DMA in each
formulation as expected.

Discussion

In conclusion, a reactive difunctional phosphorous
containing DOPO-DMA acrylic monomer was suc-
cessfully synthesized from the reaction between GMA
and DOPO-ITA. DOPO-DMA was added in UV-
curable formulations, and the films were obtained. The
mechanical and chemical properties of the films were
characterized. The films containing DOPO-DMA
showed higher thermal degradations. According to all
values obtained, the LOI, hydrophobicity, hardness
and crosslinking degree of UV curable films were
increased with an increase in the amount of the
DOPO-DMA in UV curing formulations. An increase
in DOPO content in the formulations led to an
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increase in LOI values from 18% to 21.2%. Tensile
modulus of F1 and F3 formulation was 301 and
336 MPa, respectively. Tensile modulus of prepared
films increased with an increase in the amount of the
DOPO-DMA in UV curing formulations.
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