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Abstract

In recent years, interest in improving the properties of polymers-has become particularly important.
Thermal stability is one of these properties that has been widely used in recent years due to its specific
applications. One way to increase thermal stability is. phosphorylation. Also, due to environmental
concerns, a lot of attention is being paid to water-based latex. A butyl acrylate (BA)-silicone-acrylic
copolymer was obtained by mini-emulsion polymerization. Nuclear magnetic resonance spectroscopy
(NMR), scanning electron ‘microscopy (SEM), dynamic light scattering (DLS), differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA) analysis were used to thoroughly characterise
the goods. DLS verified the presence of 80—100 nm-sized latex particles. DSC results revealed that the
presence of silicone chains«in the matrix, considering that silicone has a lower glass transition
temperature than BA, reduces the glass transition temperature of the matrix and increases the
flexibility of the chains. In addition, the presence of phosphorus in the copolymer chain increases the
Te. Formation of char for B5S5P3 due to the presence of phosphorus, causes a delay in the destruction
of the sample and an increase in the temperature of the destruction of the matrix in TGA analysis. Also,
the presence of silicon played a significant role in increasing thermal stability. Sample B5S5P3 with 30%
phosphorus by mass showed first and second decomposition temperatures of 348 and 630 °C. In
addition, in the flame analysis, the B5S5P3 sample showed the best combustion performance among

other samples.
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temperature.



Introduction

In recent years, polymer coating has gained great importance and acceptance due to its suitable
chemical and physical properties, wide applications, availability and reasonable price [1-9].
Meanwhile, water-based coatings have gained a special place due to environmental issues and ease of
use. Emulsion polymerization is an appropriate technique for water-based coatings since it is more
environmentally friendly than solvent technology and more energy-efficient than hot melt technology.
[10-19]. As one of the widely used substrates in water-based coatings, acrylic polymers have anti-UV
properties (due to the lack of double bonds), oxidation resistance, colorlessness, andrelatively suitable
temperature tolerance. The flexibility of coating is an important factor for their usein different fields.
The use of silicone in the polymer chains of adhesives not only increases the flexibility of the polymer
chains but also increases the heat resistance of the coatings [20-23]. These characteristics enable the
application of unique coatings to various industrial materials, sensors;electronics structural materials,
and aerospace materials. In many special applications, it is necessary to‘increase the resistance of the
coating to heat and flame. This operation is performed in various ways, such as the addition of
inorganic nanoparticles and phosphorylation. Phosphorylation. of polymer matrices is one of the
traditional methods in this field. In addition to improving the thermal properties of coatings, they also

improve conductivity, corrosion protection and.lubricity. [24-29].

The numerous qualities and uses of acrylate coating synthesis have garnered interest. Park et al.
created a silicone-acrylic paint-based.resin that is extremely weather resistant for use in construction
materials [30]. They employed.3-methacryloxypropyltrimethoxysilane (MPTS) as the acrylic monomer-
reactive silicone monomer and n-butyl acrylate, methyl methacrylate, and n-butyl methacrylate as the
acrylic monomers.”All samples had a glass transition temperature of 30 °C and contained 10, 20, and
30 weight percent of MFETS [30]. They verified that while viscosity and average molecular weight rose,
MPTS's thermal stability improved as silicone content rose. Satisfactory results were seen in gloss
retention, yellowness difference, color difference, and brightness difference in both the outdoor
exposure test and the accelerated test. In another work, Kan et al. prepared a copolymer of styrene—
butyl acrylate—silicone via Semi-continuous emulsion method [31]. The results showed that for
samples containing less than 25% by weight of silicon, the conversion percentage reached 86%. This
may be due to self-condensation and polycondensation of silicon. The silicon content is less than 20%,
so the surface adhesion and flexibility are very good. When this amount exceeds 25%, the amount of
adhesion decreases due to a decrease in polarity [31]. However, the impact properties increased as
the amount of silicon increased. The enhancement of the thermal properties of these polymers along

with their environmental properties has increased in recent years. llly et al. performed another



method to phosphorylate polysaccharide. This matrix is widely used in the field of tissue engineering

scaffolds, where causal binding results in fouling [25].

In this study, a BA-silicone-acrylic copolymer was obtained by mini-emulsion polymerization.
Phosphorus is added to the polymer matrix to improve thermal properties. The polymer matrix was
identified using NMR analysis. Thermal properties were tested after adding phosphorus to the polymer

chain using TGA analysis.
Experimental
Materials

Sodium dodecyl sulfate (SDS, 99%>purity) and tetraisoproxide titanate. (TPT, 98%>purity) were
purchased from Sigma-Aldrich (Multinational company). All of the solvents and. monomers with 99%
purity including methyl ethyl ketone (MEK), and potassium persulfate (KPS), sodium hydrogen
carbonate (NaHCOs), Triton X-100, butyl acrylate (BA), hexadecane (HD), hydroxyl-terminated silicone
(2-6018), Hydroxyethyl methacrylate (HEMA) and HsPO,4 (ortho-phosphoric acid, 85%>purity) were
supplied by Merck Chemical Co. (Multinational company). All recipes employed deionized (DI) water,

and all chemicals were used without additional purification.
Characterization

'H-NMR provided support for the synthesised.compounds' chemical structures and functional groups.
Using tetramethylsilane (TMS) as the internal reference, a 400 MHz instrument (BRUKER, Germany)
was used to record the H-NMR spectra in DMSO-d6. Using DLS, the particle size and particle size
distribution (PSD) of each sample were ascertained. After each sampling, the samples were diluted
100 times using an aqueous solution of surfactants that had concentrations comparable to the
polymerization recipe using a Brookhaven-nanobrook omni (US) at a laser angle of 902. Tescan Vega |l
(Czech. Republic) equipment was used to SEM images. Using an EMITECH K450x sputter-coater
(England), .one'drop of the diluted latex was deposited on a sample holder, dried under vacuum at
252C, and then sputter coated with gold powder. A NETZSCH-Maia 200-F3 (Germany) calorimeter was
used to perform DSC analyses between -150 and 1202C (scanning rate of 10 2C/min) while nitrogen
gas was flowing through it. Using the METTLER TOLEDO (TGA1 model, Switzerland) thermogravimetric
analysis (TGA) at a heating rate of 10°C/min (25-800 °C) in N, environment, the thermal stability of

the produced copolymers was evaluated.



Preparation of silicon acrylate monomer

A four-necked round-bottom flask held 105 g of Z-6018 (0.38 mol), 0.5 g of TPT (0.0017 mol), 0.5 g of
cupric chloride (CuCl, 0.0037 mol), and 70 cc of toluene. The HEMA (0.38 mol) weighed 50 g was then
added dropwise and maintained at 80 °C. The HEMA was finally poured dropwise, and while stirring,
the temperature was increased to 120°C. After removing unreacted HEMA from the reaction mixture using

distilled water, it was dried on anhydrous Na,SO.. Based on HEMA, the yield was 90% [31] (Figure 1).
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Figure 1. Synthesis of silicone acrylate monomer.
Preparation of butyl acrylate-silicon.copolymer

An aqueous solution'of 0.24 g SDS (as anionic surfactant, 0.0008 mol), 0.12 g Triton X-100 (as nonionic
surfactant, 0.00019 mol), 0.12 g sodium bicarbonate (as buffer, 0.0014 mol), 0.12 g potassium
persulfate (as initiator, 0.00043 mol) and 48 ml of deionized water are mixed. A mixture of BA, acrylate
silicone and HD (0.12'g, 0.00045 mol) was then added to the solution and the whole mixture was probe
sonicated for 15-min (68 W, 20 kHz). The temperature was brought to 75 2C and stirred mechanically
(450 rpm) for 5 h in a continuous stream of nitrogen gas. No coagulum was observed at the end of the

polymerization and the final monomer conversion was greater than 95% gravimetrically.
Phosphorylation of BA-silicon copolymers

There are several methods for phosphorylate aromatic and aliphatic compounds that have OH groups.
One of these methods is to esterify compounds using HsPO3 and H3PO,4. Phosphorus can be covalently
bonded to compounds containing OH, and this bonding through OH leads to the formation of the

structure shown in Figure 2.
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Figure 2. Covalently connections of OH to phosphorus [21].

In addition, since these derivatives directly bond with phosphorus and contain mobile hydrogen
groups in tautomeric equilibrium, phosphorus-containing compounds can be obtained. Distilled water
was used to dilute phosphoric acid to a 60% by weight concentration. After that, the mixture was
agitated for an hour at 95 °C in a water bath while urea was added in a 1:8 ratio (urea/HsPOz). Butyl
compound was added to the acid solution after an hour, and it was then left.in'a water bath at 95° C
for two hours without being stirred. After being taken out of the water bath, the phosphorylated

compounds were vacuum-dried for eight hours at 60 °C (Figure 3).
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Figure 3. Schematic diagram of the steps for the synthesis of BA-silicon chains containing phosphorus

groups.

Tabled shows the composition of polymer matric in the polymerization that is used in the syntheses

of silicon acrylate copolymers and phosphorized copolymers.

Table 1. Composition of polymer matric in the polymerization.

Sample? BA (w%) Silicon (w%) Phosphorous™ (w%)
B9S1 90 10 0
B7S3 70 30 0
B5S5 50 50 0
B9S1P1 90 10 10
B7S3P2 70 30 20
B5S5P3 50 50 30




a Amounts of NaHCO3;, KPS, HD and Triton X-100 were all 0.12 g and SDS was 0.24 g in each recipe.

*The percentage of phosphorus relative to the total amount of Si+BA

Results and Discussion

'H-NMR spectrum of sample B5S5 was recorded to confirm the synthesis and chemical structure
(Figure 4). A characteristic singlet peak of the methyl group protons of the silicon fragments was found
inthe range of 0 to 1 ppm. The Appearance of a singlet peak at 5 ppm for hydroxyl protons, along with
atriplet at 4-4.5 ppm, indicates the incorporation of a silicone moiety into the polymer chain. As shown
in Figure 4, the hydrogens related to e, g and k have triplet peaks, and hydrogens of i, j and h in the
range of 4-5 ppm also have triplet peaks. By using TPT, self-condensation of the silicone intermediate
is prevented and the intended condensation between silanol-OH and acrylic-OH is.encouraged [32-

34].
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Figure 4. *H-NMR spectrum (400 MHz) of BA-HEMA-Silicon copolymer in DMSO-d6 at 298K.

SEM and DLS analysis conducted on B9S1, B7S3, and B5S5 latexes have been depicted in Figure 5 and
Figure 6./As you can see in the images, the latex particles are spherical (in Figure 5a, 5b particles are
stuck together in some areas) and the particle size is less than 100 nm. Particle size was unaffected
substantially by varying the copolymer weight ratio. The SEM micrographs and PSD demonstrate the
restricted size distribution of the latex particles. Consequently, it was discovered that the silicone mass

fraction and butyl acrylate mass fraction had no effect on the latex particle size. [35, 36].




Figure 5. SEM.images of,a) B9S1, b) B7S3 and c) B5S5 latex.

As shown in Figure 6, the DLS curves for the B9S1, B7S3 and B5S5 latexes are displayed. The curves are
unimodal and'sharp, indicating adequate polymerization and lack of secondary nucleation during
polymerization. The size of the particles obtained from polymerization is in the range of 85-90 nm. The
presence of silicon.in the chain has increased the size of the particles to an insignificant amount, but
the PSD indicates proper polymerization and the formation of spherical particles with the highest

degree of monodispersity in polymerization.
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Figure 6. DLS curves of a):B9S1, b) B7S3 and c) B5S5 latexes.

DSC analysis was used to confirm the correctness of the copolymerization. The experimental glass
transition temperature ((Tg)exp) iscompared with the theoretical glass transition temperature ((Tg)theo)

that was computed via the Fox equation [37] (Eq. 1).

1 Wi Wy

Tgty © Tg)w.Tg)

(Eq. 1)

Tgapis the glass. transition temperature of the first matrix, Tg) is the glass transition temperature of
the second matrix, and Tgy) is the overall glass transition temperature in Eq. 1. w1 and w; are the weight

fractions of the first and second matrices, respectively.

The incomplete transformation of the polymerization reaction and the volatility of the monomers are
the causes of the various variances between the (Tg)meo and (Tg)exp. Figure 7 displays the DSC
thermograms of samples B9S1, B7S3, and B5S5. The findings demonstrated that lowering the
copolymer's glass transition temperature by adding more silicone to the mass fraction increased the
chain's flexibility. This reduction in glass transition temperature is also a very important factor in

bonding applications. However, in samples containing phosphorus, due to the presence of phosphorus



and OH crosslinking, the intermolecular distance increases for this reason and the mobility of polymer

chains decreases, resulting in an increase in the glass transition temperature.
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Figure 7. DSC curvesof polymer matrices with and without phosphorus.

The glass transition temperature for each sample is displayed in Table 2. As it is clear in the diagram,
the crystallization temperature of silicon and its melting temperature are -73 and -40 °C, respectively,
which due to the presence of phosphorus and the created thermal stability caused the shift of melting

and crystallization temperature [38-40].

Table 2. Comparison between (Tg)theo and (Ty)exp Of Samples.

Sample (Tg)tneo (°C) (Tg)exp(°C) Si content (wt.%) P content (wt.%)

B9S1 -61 -70 10 0

B7S3 -74 -83 30 0

B5S5 -87 -95 50 0
B9S1P1 -61 -64 10 10
B7S3P2 -74 -60 30 20

B5S5P3 -87 -49 50 30




The use of flame retardants in polymer materials and composites alters the polymer's weight loss
characteristics in the TGA analysis (Figure 8). In fact, the phosphorus groups used as flame retardants
in polymers decompose at low temperatures to form heat-resistant carbons, allowing the polymer
matrix to decompose at high temperatures. In the first analysis, the thermal stability of composite
materials containing phosphorus includes two stages. In the first step, phosphorus is decomposed at
low temperatures and converted to charcoal. In the second step, the polymer matrix decomposes at a
temperature of 300-400 °C. Silicon migrates to the surface of the material to form a protective layer

against oxidative pyrolysis due to its low surface energy and high antioxidant stability at high

temperatures.
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Figure 8. TGA curves of samples with and without phosphorus moiety.

Table 3 shows the temperature of the decomposition of the first stage (FSD) and the decomposition of

the second stage (SSD).



Table 3. Comparison between Tesp and Tssp of samples.

Sample Trsp Tssp Si content (wt.%) P content (wt.%) Char ratio at 800°C

B9S1 307 575 10 0 5

B7S3 309 574 30 0 7

B5S5 340 600 50 0 10
B9S1P1 311 585 10 10 7
B7S3P2 320 583 30 20 8
B5S5P3 348 630 50 30 12

As shown in Figure 8, sample B9S1 containing 10% silicone has a two-step mass loss, the first step at
250-350 °C is related to the decomposition of butyl acrylate. Due to its higher thermal stability and
migration to the surface, during decomposition, silicon is transported at a higher temperature and
decomposes in the temperature range of 400 °C. In B7S3 and B5S5, the proportion of the body
increased as the amount of silicon in the polymer chain increased. The temperature range of each
stage is shown in Table 1. Also, due to the increase in silicon, the carbon residual content increased
relatively from 7% to 10%. After adding phosphorus.to the polymer chain, the weight loss process
includes changes. In B9S1P1, which contains 10%:by weight of phosphorus, the observed weight loss
was transferred to higher temperatures in two stages. The reason for this is that phosphorus begins to
burn at temperatures lower than the decomposition temperature of the first stage and forms charcoal.
The formation of charcoal causes heat to betransferred to the polymer matrix with a delay and the
process of decomposition of the polymer matrix occurs at higher temperatures. In B7S3P3, which
contains 30% by weight of phosphorus, it was observed that the amount of delay in decomposition is
much higher and occurs at higher temperatures. Additionally, more carbon residues were observed at
the end of the analysis, which correlated with higher phosphorus content. It can be concluded that
two factors simultaneously play a role in the thermal stability of the matrix. The first element is silicon,
which paositively increases the thermal stability of the matrix, and the second element is phosphorus,
which makes the polymer matrix resistant to heat due to the formation of charcoal. The synergistic
effect of these two elements created favorable thermal properties of the butyl acrylate matrix and the
final product [33, 40-42].

Figure 9 shows images of the original BA-silicon matrix and BA-silicon-phosphorus flame retardant
composites after burning according to ASTM E136-65. Testing was conducted at a temperature of
6502C. In Figure 9, it can be seen the degree of burning of the film surface for the phosphorus-free
sample. In the phosphorus-free sample, the sample surface was severely deformed because it could
not retain heat. The addition of phosphorus to the polymer matrix greatly increased the ability of the

matrix to withstand heat. The reason is that when phosphorus is exposed to heat, it burns to form



char, and the formation of this char retards the combustion of the matrix. Sample B9S1P1 with 10%
phosphorus showed less burning than sample B9S1. Increasing the percentage of phosphorus in

sample B5S5P3 to 30% makes this sample the most stable.

Figure 9. Photographs of finalresidues of a) B9S1, b) B7S3, c) B5S5, d) B9S1P1, e) B7S3P2 and f)

B5S5P3 after combustion.
Conclusion

A BA-silicone copolymer containing phosphorus was synthesized. The stability obtained by adding
phosphorus was confirmed by TGA and burning analysis. DLS and SEM analyses showed that the size
of the final polymerized particles was between 80 and 100 nm and that the addition of phosphorus
did not change the size of the final particles. TGA analysis results show that the addition of phosphorus
to the polymer chains creates a heat barrier and transfers the weight loss associated with the polymer
matrix to higher temperatures. The decomposition temperatures of sample B5S5P3 with the highest
phosphorus content are 348 °C and 630 °C, respectively. In addition, the results showed that increasing
the mass fraction of silicon relative to phosphorus-free samples increased the stability of the polymer
matrix. In this regard, we can conclude that the influence of silicon and phosphorus on the increase in

thermal stability is unavoidable and these two factors coincide with each other. The fire resistance of



sample B5S5P3 was very evident. The surface of the film did not burn at a temperature of 650 °C, and
this result shows that the phosphorus groups play a good role and increase the thermal stability of the

matrix.
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