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Abstract An attempt to develop a phosphorus-based
flame-retardant UV-curable agent (UV-RA) for coating
application led to the synthesis of a reactive compound
which can be used as crosslinker along with UV-curable
epoxy acrylate oligomer to form a coating. UV-RA was
characterized via FTIR, NMR, hydroxyl, and iodine
values. Study based on the effects of varying amount of
UV-RA incorporated in the formulation was investi-
gated by checking thermal, mechanical, and flame-
retardant properties. An enhancement in all the prop-
erties was observed with an increase in concentration of
UV-RA and each coating containing UV-RA success-
fully portrayed flame-retardant properties. The highest
loss on ignition (LOI) value obtained was 27 while the
initial and final degradation temperatures increased
along with the char yield. The mechanical properties did
not vary much except for the low values for 20UV-RA.

Keywords UV-curable coating, crosslinking agent,
flame-retardant, phenylphosphonic dichloride

Introduction

Wood, a lightweight and flexible material composed of
cellulose, hemicellulose, and lignin is widely used for
construction applications. It is strong, stiff, and sus-
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tainable due to its natural availability."> However, it is
highly susceptible to fire. Therefore, flame-retardant
(FR) wood coatings are employed which retard igni-
tion and rate of spread of flames.**

Traditional nonintumescent flame-retardant coat-
ings are either made of halogen-based compounds or
by incorporating inorganic metal compounds in the
formulation.> These compounds prevent the spread of
flame either via radical quenching or by the formation
of glassy protective layers rather than forming blown
voluminous char during combustion.””” Owing to the
lower number of flame-retardant components in non-
intumescent coating systems, they are more compatible
with the polymeric matrices leading to better mechan-
ical and fire performance properties. Though halo-
genated FR systems are effective and popular, they
have plenty of drawbacks due to their harmful nature
as they work in the gas phase by acting as free radical
scavengers and hence are not eco-friendly. Thus, they
have come under scrutiny in recent years and
researchers have started to look for possible efficient
alternatives which mainly include nonintumescent-type
flame retardants based on chemical compounds con-
taining phosphorus, nitrogen, silicon, etc.'” In the case
of phosphorous-based flame retardants, they produce
less smoke and toxic gases during combustion and also
demonstrate action in both gas phase and condensed
phase.'"'? Phosphorous can also be incorporated
either as an additive or by reacting and making it a
part of the polymer chain. Nevertheless, phosphorous
additives usually suffer from poor compatibility with
the base polymer and tend to leach out. They are
required in high amounts which affect the processabil-
ity and mechanical properties. For instance, a higher
amount of incorporation results in a greater number of
volatiles produced, thus increasing the final cost of the
product. On the other hand, reactive type of flame
retardants offers various advantages such as better
flame retardancy, superior adhesion, improved dye-
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ability, higher antistatic Properties, and enhanced
solubility to the polymer.”> P-N-based synergism is
one such highly studied system. In such systems,
phosphorus component is reduced, which in turn
reduces the cost of the formulation, while simultane-
ously preserving or even improving the coating per-
formance like flame retardancy, mechanical, physical,
and chemical properties, etc. Furthermore, it is even
possible to introduce tailored functionalities like a
crosslinking agent or a reactive diluent.'® Furthermore,
ultraviolet (UV)-light curing techniques are being
increasingly used in industrial flame-retardant coating
applications due to their advantageous characteristics
such as rapid curing, low energy consumption, and
reduced environmental pollution.'*'> These coatings
exhibit high chemical stability with low volatile organic
compounds (VOC) emission.

In this work, phosphorus-containing reactive agent
was synthesized using phenyl phosphonic dichloride,
ethanolamine, and glycidyl methacrylate. This agent
was used as a reactive component in UV-curable epoxy
acrylate oligomer to impart flame-retardant property.
The concentration of the synthesized component was
varied to observe the effect on flame retardancy and
several other coating properties after photopolymer-
ization.

Materials and methods
Materials

Ethanolamine, hydroquinone (HQ), sodium hydroxide
(NaOH) pellets, hydroquinone (HQ), tetramethylol-
propyl triacrylate (TMPTA), ethyl acetate (EA), and
acetone were purchased from S D Fine-Chem. Ltd,
India.. Epoxy acrylate oligomer (DESMOLUX- 2266)
was provided by Bayer Materials, India. Photoinitiator
(Irgacure 184) was received from BASF Pvt. Ltd.,
India. Glycidyl methacrylate (GMA) and phenylphos-
phonic dichloride (PPDC) were procured from Alfa
Aesar, India and Sigma-Aldrich, India, respectively.
Triethylamine (TEA) was obtained from Rankem
Chemicals, India. All the chemicals were of laboratory
grade and used as procured without any treatment.

Reaction of ethanolamine and PPDC

In a four-necked round-bottom flask equipped with a
mechanical stirrer, a condenser and a nitrogen balloon,
ethanolamine (11.75 g, 0.19 mol), and TEA (19.48 g,
0.19 mol) were added along with 40 mL acetone.
PPDC (18.76 g, 0.96 mol) was added dropwise main-
taining the temperature between 0°C and 5°C using the
ice bath. The reaction was continuously stirred at room
temperature for 24 h, and EA and deionized water
were added to separate the organic and aqueous
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phases. The organic solvent was then recovered under
vacuum to get the desired intermediate (I-1) (yield =
83.71%). The reaction scheme for the synthesis of I-1
is shown in Fig. 1. (CHNS analysis: C* = 49.18,
H*=7.02, N*=1147, C=4873, H=2848,
N = 11.09, *theoretical).

Reaction of I-1 with GMA

In a three-necked round-bottom flask equipped with
mechanical stirrer and a condenser, GMA (5 g,
0.035 mol) was added along with HQ (0.5 wt% of the
total batch) and stirred for 2 h at 60°C in 20 mL
acetone. I-1 (4.29 g, 0.017 mol) and NaOH (0.7 g,
0.017 mol) were added in the reaction mixture fol-
lowed by stirring at 100°C for 5 h. Then, the layer
separation was instigated using EA and water. EA was
recovered under vacuum to get the reactive agent for
UV-curable coating system (UV-RA) (yield = 82.7%).
The reaction scheme for the synthesis of UV-RA is
shown in Fig. 2. (CHNS analysis: C* = 50.85,
H* =619, N*=593, C=50.12, H=803, N =521,
*theoretical).

Preparation of UV-curable wood coatings

UV-curable formulations were prepared by mixing
epoxy acrylate oligomer and UV-RA in various weight
fractions (0-40%), with constant amount of photoini-
tiator (3 wt%) and TMPTA as a reactive diluent
(15%). The prepared formulations were coated onto
prepared wood panels (7.5 cm x 7 cm) using a brush
applicator, obtaining a uniform layer. Free films were
prepared by pouring the liquid formulations onto a
Teflon mold. Finally, the wet formulations were
hardened by exposing the coated substrates to UV
irradiation by medium-pressure mercury lamp
(365 nm) built into a UV curer. The speed of the belt
was kept at 25 m/min with the exposure time of 20 s.
The detailed formulations for the UV-curable wood
coatings are tabulated in Table 1.

Characterization

ASTM D1957-86 and ASTM D1959-97 were used to
determine the hydroxyl and the iodine value, respec-
tively.

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 dimethyl formamide (DMF) at
room temperature for 24 h followed by drying of the
film at 80°C until constant weight was achieved. The
gel content of the cured film was then determined by
the formula:
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Fig. 2: Reaction scheme for the synthesis of UV-RA

Table 1: Formulations of UV-curable coatings

FRO FR5 FR10 FR15 FR20
Oligomer 82 77 72 67 62
TMPTA 15 15 15 15 15
Photoinitiator 3 3 3 3 3
UV-RA 0 5 10 15 20
Gel content(%)

B Initial weight of the coating
~ Weight of the coating after 24 h of solventimmersion
x 100

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:

Water absorption(% ) = w x 100

where Wf = final weight of the coating after water
absorption test and Wi = initial weight of the coating
before water absorption test.

Adhesion of the coating film to the substrate was
estimated according to ASTM D3359. Lattice marking
of 1 cm® was done on the coating surface until the
metal surface was exposed followed by the application
of adhesion tape over the lattice marking. The adhe-
sion tape was then pulled out from the coating surface,
and adhesion failure was examined over the lattice
marking. ASTM D3363 was used to perform a pencil
hardness test by making a scratch on the coating
surface using 6B to 6H range of pencils at an angle of
45°.

According to ASTM D5402-93, the solvent scrub
resistance of the coatings was carried out using methyl
ethyl ketone (MEK) and xylene. A piece of white
cotton was saturated with solvent and rubbed over the
coating samples. Gloss test of the coated samples was
carried out by using digital mini gloss meter at an angle
of 60° by Rhopoint gloss meter as per ASTM D523-99.

Instrumentation
Completion of the reaction of I-1 and UV-RA was
confirmed by functional group identification using

Bruker FTIR-attenuated total reflection (ATR) spec-
trophotometer, USA. The spectra were observed
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between 600 and 4000 cm . The supportive confirma-
tion of the chemical structure of the final product was
given by 'H, 1*C, and *'P NMR spectroscopy. 'H and
*C NMR spectra of the product were analyzed using
Bruker DPX 800 MHz spectrophotometer with di-
methyl sulfoxide (DMSO) as a solvent. The CHNS
elemental analysis of com}%ounds was done using
Thermo Scientific'™ FLASH™ 2000 Organic Elemen-
tal Analyzer (OEA). Combustion of the samples was
done at the elevated temperature of around 1100°C in
the presence of excess oxygen. Produced CO,, H,, and
NO, gases were mixed and homogenized in a chamber
before separation by gas chromatography followed by
detection with the thermal detector. The results were
reported as a percent by weight of each element. TGA
of cured films was conducted on PerkinElmer TGA
4000 instrument under nitrogen and air atmosphere.
Thermal analysis monitored in the temperature range
of 40°C-700°C with 20°C/min heating rate. The glass
transition temperature (T,) of cured films was esti-
mated using DSC on a PerkinElmer DSC instrument.
The film sample was weighed accurately in an alu-
minum pan and heated from 30°C to 200°C tempera-
ture range with a heating rate of 10° C/min under
nitrogen. The fire-retardant capability of the cured
samples was investigated by LOI test and carried out
on Dynisco, USA, according to ASTM D2863 proce-
dure. ASTM D1356-2005 was used to carry out the
UL-94 vertical burning test. 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 VTM ratings as shown in
Table 2 were used to rate the performance of the
coatings in UL-94 test.

Results and discussion

The iodine value of UV-RA was estimated using Wijs
method and was found to be 604.38 mg of I,/g of the
sample which is comparable to the theoretical iodine
value, i.e., 657.01 mg of I,/g of the sample. The
hydroxyl value of I-1 was found to be 448.37 mg of
KOH/g of the sample compared to the theoretical
value of 459.57 mg of KOH/g of the sample which
confirmed the formation of the desired product.

Table 2: VTM ratings

FTIR analysis

The FTIR spectra of the ethanolamine, I-1, and UV-
RA are ?iven in Fig. 3. The peaks at 3350 cm™',
3286 cm ', and 3169 cm™! in the spectrum of ethano-
lamine correspond to -OH and -NH, present in the
molecule while 2921 cm™' and 2855 cm™! show the
presence of -CH, present in the aliphatic chain. The
peak at 1597 cm ! attributes to the -NH- vibrations.
The peaks at 1458 cm™' and 1355 cm ™' correspond to
the -CH- deformation vibrations while the peaks at
1076 cm™! and 1031 cm ' show the presence of -C-O-
stretching vibrations. In the FTIR spectrum of I-1, the
peaks of NH, vibrations diminish while only the
plateau region of -OH stretching vibration remains
which suggests the reaction has moved in the forward
direction. Also, the sharp peak at 1022 cm™' corre-
sponds to the -P-N- linkage which confirms successive
formation of the desired product. FTIR spectrum of
UV-RA shows the characteristic peak at 1702 cm™!
which corresponds to the C = O present in GMA.
Also, the peaks at 1362 cm ™' and 1169 cm ™' attribute
to the C = C and C-O vibrations, respectively, which
confirm successful addition of the GMA in the final
structure.

Transmittance (%)

Ethanolamine

= 3350 | 3170
3285 2921 5855

T+ T T T T ' T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’1)

Fig. 3: FTIR spectra of ethanolamine, I-1, and UV-RA

Sr. VTM Description

No. rating

1 VTM-0 Flame time does not exceed 10 s and inflamed dripping is not observed

2 VTM-1 Flame time ranges between 10 and 30 s but does not exceed 30 s and inflamed dripping is not
observed

3 VTM-2 Flame time does not exceed 30 s and inflamed dripping is observed

1496



J. Coat. Technol. Res., 16 (5) 1493-1502, 2019

SV 1 Y% P2 RN
65
O O
29\ /21 60
28—0 0—20 '
/o B\ | 55
H3C —30 25— OH HO—17 22— CHs ‘
31 26 19 \ Y/ L 50
CH, O 0 H,C
32 © 13 416 “23
12—11 1% 14—15 45
\ 1 {\
NH—P—NH 40
°o 7 8 31
6
35
1/ \5 ‘ 24
| | 1 | 30
NG H
3 ] [| 15 26 L5
19
2 11 !
3 1 j 20
4 L
25 5
17 | 3223 23 \ ‘ \‘ ‘ 15
\,{\ 32 | (- ‘
| . [l . 1‘ { L0
\“ ’ | “ i ﬁ ‘ “ ‘i 8
\ | | ) Wil | L5
V] (|| L\ M [ ‘\
. A ~l“ !‘ LV
— LA “7 e | - 7 N - »0
T T T T T T T T T T T T T T 17_5
14 13 12 1 10 9 8 7 6 5 4 3 2 1 0 -1 -2
f1 (ppm)

Fig. 4: "H-NMR spectrum of UV-RA

NMR analysis

'"H-NMR, >C-NMR, and *'P-NMR spectra of UV-RA
are shown in Figs. 4, 5, and 6, respectively. The protons
of the aromatic ring are shown in the region 7.3—
7.6 ppm while the aromatic carbons are between 128
and 132 ppm in the respective figures. The proton of
the carbon attached to the hydroxyl group of GMA is
shown at 7.66 ppm while the characteristic protons of
the two hydroxyl groups of GMA are shown at
0.79 ppm. The peaks of the protons of the secondary
amines are shown at 0.04 ppm. The characteristic
carbons of the unsaturation present in GMA and that
of CHj; are shown at 126.07 ppm and at 18.4 ppm,
respectively, in '>C-NMR spectra of UV-RA. The
carbons of the benzene ring are shown in the region
from 128 to 132 ppm which confirms the desired
structure formation. >'P-NMR shows the confirmatory
peak in the presence of the phosphorus in UV-RA at
26.19 ppm.

Coating properties
After application of the formulations on the wood

panels, they were investigated for various properties.
The properties were checked as a function of the

concentration of the UV-RA and the overall structure
of the coating network.

Thermal properties

Thermal properties of the formed coatings were
checked using TGA and DSC. TGA graphs provide
the information about the thermal degradation behav-
ior of the coatings and allow us to predict the structural
stability of the material. TGA graphs of the UV-cured
films are shown in Fig. 7, and characteristic thermal
degradation values are tabulated in Table 3.

The results reveal that as the phosphorus content in
the backbone increases, the thermal stability of the
UV-RA formulations increases. The initial degrada-
tion temperatures of all the formulations increase with
the loading of phosphorus-containing moiety. The
thermal stability of the coating material is dependent
on the crosslinking density and the amount of ther-
mally stable foreign moieties in the system.'®!” Incor-
poration of the phosphorus-based compounds
increases the thermal stability by converting them-
selves into phosphoric acid and water where polyphos-
phoric acid forms a char layer between the substrate
and the flame, whereas water gives a cooling effect,
thereby imparting the flame retardancy.'®'? Owing to
the bulky nature of the chemical structure of synthe-
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Fig. 5: '>C-NMR spectrum of UV-RA
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sized UV-RA, there has to be some amount of steric
hindrance present for the polymer chain stacking due
to the benzene ring and GMA fragments. Therefore,
although the thermal stability should have increased
because of increase in the phosphorus content, the
effect of chemical structure of the synthesized mole-
cule might have been reflected in the results of 15UV-
RA which suggests the gossibility of improper curing
but increased char yield.”**! As seen from the results,
the char yield values of the formulations increased as
the loading of the UV-RA in the system increased.
40 UV-RA had the maximum amount of char yield as
14.3%. Also, the degradation characteristic values
showed an increase in the initial as well as final
degradation temperatures which may be attributed to
the combined effect of the crosslinking density, rigidity
of the benzene ring, and incorporation of the phos-
phorus in the system.'”:

The results of DSC analysis are shown in Fig. 8, and
T, values are depicted in Table 3 which determine the
temperature and heat flow associated with material
transitions as a function of time and temperature. The
results of DSC show the increase in the T, values as
expected due to the structure of UV-RA. The phos-
phorus content, the benzene ring present in PPDC, and
the increased crosslinking density due to multifunc-
tional structure of UV-RA increase the brittleness and

—OUV-RA
100+ ——5UV-RA
— 10UV-RA
—— 15UV-RA
804 — 20UV-RA
o
> 60
=
k=)
(0]
= 404
204
0 T

T T T T T T T T T T T

— v —
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 7: TGA curves of UV-cured coatings

thus T, values.'>* The fact of increasing voids in the
system due to the bulky structure of UV-RA could
have caused the coatings to have low T, values because
of improper stacking of the polymer chains. However,
the rigidity of the molecule and the crosslinking density
might be directing the T, values to the higher side.

Mechanical properties

The mechanical properties of the coatings were
checked by pencil hardness and crosshatch test. Gen-
erally, the changes in the crosslinking density obtained
by the modification in the resin govern the mechanical
properties, gel content, and the water absorption of the
coatings.”* Excellent mechanical properties were at-
tributed to the strong crosslink network obtained with
two-arm structure of UV-RA. As discussed in the
previous sections, these results can also be related to
the structure of the films. The formulations with 20%
loading of UV-RA had slightly less pencil hardness
rating which may be due to the increased brittleness
while other films had excellent pencil hardness results.
All the coatings were able to pass the crosshatch
adhesion test suggesting good adhesion to the wood
substrate. There was no crack observed while peeling
off the tape from the substrate except for the coating
with 20% loading, but there was no residue on the
tape. The solvent scrub resistance is dependent par-
tially on the adhesion of the coating to the substrate
and partially on the resistance to the solvent. The
prepared coatings exhibited a solvent scrub resistance
with greater than 200 rubs. The gel content and water
absorption are controlled by the crosslinking density
and the nature of the coating. The coating showed an
increase in the gel content values and a decrement in
water absorption with increasing concentration of UV-
RA. The obtained results are depicted in Table 4 and
Fig. 9.

The flow properties, the ability to level, and the
smoothness of the coating surface decide the gloss of
UV-cured films. As shown in Table 4, gloss of cured
coatings did not have much variation with respect to
increasing concentration of UV-RA. This suggests the
crosslinking might have occurred properly, and the
monomers did not impede the formation of coating
lattice due to steric hindrance.

Table 3: Thermal characteristic properties of UV-RA coatings

Sample Initial degradation temperature (°C) 15% weight loss (°C) Char yield at 700°C (%) T4 (°C)
OUV-RA 326.1 338.5 8.0 68.4
5UV-RA 392.8 395.4 12.4 82.2
10UV-RA 393.6 396.4 12.6 92.4
15UV-RA 386.2 391.7 13.0 96.6
20UV-RA 402.1 405.6 14.3 97.3
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Fig. 8: DSC curves of UV-cured coatings
Table 4: Mechanical properties of UV-cured formulations
Sample Pencil hardness Solvent scrub test Crosshatch test Gloss (%)
OUV-RA, 5UV-RA 6H Pass 125-130
10UV-RA, 15UV-RA 6H > 200 Pass 120-125
20UV-RA 5H Pass, observed crack on coating but 115-120

no residue on adhesion tape
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Fig. 9: Gel content and water absorption of UV-RA
coatings

Flame-retardant properties

The flame-retardant properties of the various UV-RA
formulations were checked by LOI and UL-94 vertical
burning tests. It was observed that the flame retardancy
increased as the concentration of UV-RA in the system
increased. The highest LOI was shown by 20UV-RA
which can be supported by the DSC results and the
char yield values of UV-RA formulations.”>** The
crosslinking density, the phosphorus, and the rigid
structure of the benzene ring played a vital role in
increasing the flame retardancy of the overall system.
Phosphorus has the tendency to combust at higher
temperatures than polymers. The combustion of phos-
phorus compounds causes the formation of phospho-
rus-rich char layer which acts as a thermal insulator
between the fire and the substrate. Hence, phosphorus
compounds follow condensed phase mechanism and
alter the thermal decomposition of the polymeric
backbone.?’*" The enhancement of the char layer can
be done by using silicon compound along with the
phosphorus compound as silicon has the capability to
promote the char formation capacity of the mate-
rial 312

UL-94 vertical burning test showed that SUV-RA
and 10UV-RA could self-extinguish the fire within 10 s
of ignition, and the material did not drip. 1SUV-RA
and 20UV-RA self-extinguished the fire within 20 s of
ignition with no dripping while OUV-RA dripped
during burning as there was no UV-RA present in
the system. LOI values and VIM ratings of the various
coating formulations are shown in Fig. 10.

Conclusion

Phosphorus-based UV-curable agent was successfully
synthesized, characterized, and incorporated in various
proportions into UV-curable coating. These formula-
tions were applied to the wood panels, cured, and
characterized for various thermal, mechanical, and
flame-retardant properties. Thermal properties showed
that the char yield values, initial degradation temper-

35
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Fig. 10: LOI and VTM ratings of UV-RA coatings

atures, and T, values rose with the incorporation of
UV-RA in the system. This was attributed to the
combined effect of the crosslinking density, incorpo-
ration of phosphorus into the system, and the rigid
benzene ring present in PPDC which increased the
overall thermal stability of the coating formulations.
Similar results were reflected in LOI and UL-94 tests
as all the formulations could self-extinguish the fire,
and 20UV-RA had the highest LOI value of 27. The
mechanical properties did not vary much with the
loading of UV-RA except for 20UV-RA which showed
a slight decrement in the crosshatch adhesion, gloss,
pencil hardness, and gel content values. As discussed in
the flame-retardant properties of the coatings, one can
try to develop an intermediate based on silicon using
dichlorodimethylsilane (DCDMS) and can load it into
the system for char enrichment as a future scope of this
work.
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