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ABSTRACT 

The core-shell acrylic emulsion was synthesized by a semicontinuous seeded emulsion 

polymerization with acrylate monomers as the main materials and octafluoropentyl methacrylate 

(OFPMA) as modified monomers. The influences of OFPMA on the hydrophobicity, thermal 

stability and mechanical properties of acrylic latex film were investigated. Fourier transform 

infrared spectroscopy (FTIR) analysis and X-ray photoelectron spectroscopy (XPS) indicated 

that the OFPMA was successfully incorporated into the acrylic resin chain. Transmission 

electron microscope (TEM) image showed a core-shell structure of the emulsion particles. The 

addition of OFPMA reduced the water absorption ratio (3.2 wt%) of the latex film and improved 

its water resistance. Contact angle of coating film surface increased from 80.7° to 90.7°. 

Moreover, TGA curves showed that the addition of OFPMA increased the initial decomposition 

temperature of the polymer from 355 to 370 ℃. Additionally, with the addition of OFPMA, the 

tensile strength of modified polymers was also improved to 7.77 MPa compared to pure acrylic 

resin. The application of the core-shell structure can reduce the amount of fluorine-containing 

acrylic monomers and environmental pollution, and improve economic benefits. This study 

provides a new kind of environmentally friendly waterborne acrylic resin and a simple method 

for optimizing the performance of waterborne resins. 

Keywords: Core-shell structure; Waterborne acrylic resin; Octafluoropentyl methacrylate; 

Modification. 
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1. Introduction 

In recent years, with the improvement of living standards, people are paying more and more 

attention to environmental issues [1-5]. In the coatings industry, solvent-based coatings have 

been gradually eliminated due to their high volatile organic compounds (VOC) content, and 

people have turned their attention to environmentally-friendly water-based coatings [6-9]. 

Waterborne coatings have attracted much more attention because of their non-toxic, harmless, 

low VOC emission and other advantages, which are not available in the solvent-based coatings. 

Waterborne acrylic coating has become an important water-based paint because of its 

excellent decoration, gloss retention, color retention and easy film formation [10, 11]. However, 

its film has poor water resistance, cold resistance and heat resistance, and is prone to "hot 

stickiness and cold brittleness", which limit its applications [12-19]. Therefore, the acrylate 

emulsion was modified to make acrylic emulsion possess a better performance [20-25]. Dong et 

al. [26] modified the surface of graphene oxide (GO) by using tetraethoxysilane (TEOS) 

hydrolysis to form SiO2-GO, which was added to acrylic resin as a reinforcing material to 

synthesize SiO2-GO/acrylic resin nanocomposites with enhanced thermal properties, hardness, 

impact resistance and chemical resistance of the coating. Sun et al. [27] used epoxy-modified 

polyurethane to modify the polyacrylate successfully and prepared a waterborne epoxy-modified 

polyurethane acrylate (EPUA) dispersion with a nano-sized core-shell structure via a two-step 

method. The results showed that the prepared EPUA coating had excellent water resistance, 

thermal properties and mechanical properties. 

The fluorine atom is considered to be the most electronegative element in nature due to its 
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ultra-low covalent radius (72 pm) [28-30]. In the fluorinated polymer, the F atom can shield the 

carbon chain due to its special atomic structure. And the polymer shielding structure is very 

stable [28]. Recently, fluorinated polymers have been widely studied and applied in the synthesis 

of acrylic resins [29, 31-33]. There are a large number of C-F bonds in the fluorinated acrylic 

monomers, which greatly reduce the cohesion and surface free energy between polymer 

molecules, and further achieve the result of repelling liquids [12, 34]. For example, Xu et al. [35] 

prepared a new type of self-crosslinking fluoropolyacrylate soap-free emulsion (FMBN) with a 

core-shell structure by semicontinuous seeded emulsion polymerization using 

dodecafluoroheptyl methacrylate (DFMA) as a raw material. As the DFMA content increases in 

the polymer, the thermal stability and glass transition temperature (Tg) of the shell phase 

gradually increase, and the contact angles of the FMBN film before and after annealing reach 

115.5°and 117.5°, respectively, and the hydrophobic effect of the coating film is further 

improved. Bai et al. [28] used the fluorinated monomers and acrylic monomers as the main 

materials to synthesize fluorine-containing acrylate core-shell copolymer emulsions by applying 

the core-shell emulsion polymerization. The synthetic copolymer was used as a textile finishing 

agent for cotton fabrics, which improved the hydrophobicity and oleophobicity of the textile 

surface. However, an excessively high content of fluorine will cause fluorine pollution to the 

environment [36, 37]. Therefore, while ensuring the performance of the resin, the amount of 

fluorine-containing functional monomers should be reduced as much as possible. 

Herein, a fluorinated acrylic latex with a core-shell structure was synthesized through a 

semicontinuous seeded emulsion polymerization, using acrylic mixed monomers containing 



5 
 

octafluoropentyl methacrylate (OFPMA) as the shell materials and basic acrylate monomers as 

the core materials. Meanwhile, the effects of the fluorinated monomer content on the water 

resistance and thermal stability of the latex film were explored. The structure and properties of 

emulsion were studied by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron 

spectroscopy (XPS), thermogravimetric analyzer (TGA) and other analytical methods. The 

results indicate that the addition of fluorinated monomers improves the water resistance and 

thermal stability of the latex film. The application of the core-shell structure reduces the amount 

of fluorine-containing monomers, which greatly reflects environmental protection and the 

economical application of resources. 

2. Experimental 

2.1 Materials 

Styrene (St, AR), methyl methacrylate (MMA, AR), butyl acrylate (BA, AR), acrylic acid 

(AA, AR) and divinylbenzene (DVB, AR) were purchased from Chengdu Kelong Chemical Co., 

Ltd (Chengdu, China). Glycidyl methacrylate (GMA, AR), 2-ethylhexyl acrylate (2-EHA, AR) 

and hydroxyethyl methacrylate (HEMA, AR) were gained from Shanghai Macklin Biochemical 

Co., Ltd (Shanghai, China). Ammonium persulfate (APS, AR) and sodium dodecyl sulfate (SDS, 

AR) were obtained from Tianjin DW Chemical Co., Ltd (Tianjin, China). Polyoxyethylene octyl 

phenol ether-10 (OP-10, AR) was purchased from Tianjin Kermel Chemical Reagent Co., Ltd 

(Tianjin, China). Allyloxy nonylphenol polyoxyethylene ether (10) ammonia sulfate (kl-100) was 

received from Guangzhou Hangqin Trading Co., Ltd (Guangzhou, China). Octafluoropentyl 

methacrylate (OFPMA) was obtained from Fuxin Ruifeng Fluorine Chemical Co., Ltd (Fuxin, 
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China). All the chemical reagents were used in the experiments without any further purification. 

2.2. Synthesis of core-shell fluorinated acrylate resin 

The core-shell fluorinated acrylate emulsion was synthesized by applying the seeded 

emulsion polymerization in a 250 mL four-necked flask, which contained a mechanical stirrer, 

constant pressure dropping funnel, thermometer and reflux condenser. The basic ingredients for 

the synthetic emulsion are displayed in Table 1. In Table 1, methyl methacrylate is selected to 

improve the hardness and gloss of the resin. The addition of styrene can improve the hardness, 

adhesion and water resistance of the resin. The butyl acrylate can enhance the resin chain 

flexibility and isooctyl acrylate can improve the water resistance and weather resistance of 

waterborne acrylic resin. The application of divinylbenzene can make the core-shell structure of 

latex particles more stable, and plays a certain cross-linking effect. Acrylic acid, glycidyl 

methacrylate and hydroxyethyl methacrylate can improve the water resistance and hardness of 

the resin, and also provide some functional groups that can be cross-linked. The preparation 

procedures of latex are stated as follows. Firstly, deionized water and emulsifier (the mass ratio 

of SDS: kl-100: OP-10 was 1:1:1) were added to the flask and stirred in a 30 ℃ water bath. Then 

the mixture of all the monomers of core phase was poured into the flask. After 30 min of stirring, 

a core phase pre-emulsion was obtained. The shell phase pre-emulsion (the mass ratio of SDS: 

kl-100 was 1 : 5) was also prepared through the same experimental steps. Secondly, 47.7 g of 

deionized water and 0.3 g of emulsifier (the mass ratio of SDS : kl-100: OP-10 was 1 : 1 : 1) as a 

base solution (The base solutions of all sample are the same.) were added to the empty flask. 

Simultaneously, one-third of the core phase pre-emulsion and 1.5 g of initiator aqueous solution 
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(APS aqueous solution with a mass fraction of 2.5 wt%.) were added into the flask at 80 ± 1 ℃ 

to synthesize the seed emulsion. When the seed emulsion appeared blue, the remaining core 

phase pre-emulsion and the initiator aqueous solution (The core phase emulsion polymerization 

uses a total of 10 g of initiator aqueous solution) were added dropwise at 80 ℃ for 75 min. After 

the dripping was completed, the temperature was maintained at 88 ℃ for 1 h, and cooled down 

to 80 ℃. Subsequently, the shell-phase pre-emulsion and initiator (The shell phase emulsion 

polymerization uses a total of 11 g initiator aqueous solution.) were continued to be added 

dropwise to the flask at 80 ℃ for 2 h, and the temperature was maintained at 88 ℃ for 1 h after 

the dripping was completed. Finally, the prepared latex was cooled down to room temperature 

and was named as F0. 
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Table 1. Basic raw materials for sample F0. 

Core phase component Shell phase component 

Pre-emulsion Amount (g) Pre-emulsion Amount (g) 

St 5 St 4.8 

MMA 10 MMA 6 

BA 15 BA 11 

DVB 0.045 DVB 0.105 

SDS 0.1 AA 1 

kl-100 0.1 GMA 3 

OP-10 0.1 2-EHA 1.2 

Deionized water 14.7 HEMA 3 

  SDS 0.052 

  kl-100 0.26 

  Deionized water 14.8 

On this basis, octafluoropentyl methacrylate (OFPMA) was added to the mixed monomers 

of the shell phase and the amount of addition was 2 g, 3 g, 4 g and 5 g, which accounted for 

about 3.33 wt%, 4.99 wt%, 6.65 wt% and 8.31 wt% of the total monomers, respectively. The 

fluorine-containing acrylic emulsion was synthesized by the same method and the as-synthesized 

samples were named as Fn (n=2, 3, 4, 5 and the “n” represents the amount of OFPMA). The 

ingredients, monomer dosage and the abbreviation of the samples are shown in Table S1. 
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2.3 Preparation of coating film 

The prepared emulsion was uniformly coated on the tinplate substrates. The thickness of the 

coatings was 60 μm, which can be prepared via the applicator (gained from Shanghai Meiyu Co., 

Ltd.) equipped with a gap depth of 60 μm. The coating films were obtained after the substrates 

coated with latex were cured for 10 min at 100 ℃. The curing process is depicted in Fig. 1. 

 
Fig. 1 The curing process of film. 

2.4 Characterizations 

The FT-IR (Nicolet iS50, Thermo Fisher Scientific Co., USA) was employed for analyzing 

the chemical structures of the as-prepared latex film. The XPS (ESCALAB XI+, Thermo Fisher 

Scientific, USA) with an Al Kα X-ray radiation was used for measuring the chemical 

composition of latex films, which were prepared on the glass surface at 60 °C without any curing 

agent. After stained with phosphotungstic acid and collected with a copper grid, the latex particle 

morphology was observed by TEM (JEM-2100F, JEOL, Japan). The particle size and diameter 

distribution of latex particles were determined by nanoparticle size analyzer (Malvern ZEN1690, 
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Malvern, U.K) with dynamic light scattering (DLS). 

Water resistance properties were evaluated by the water resistance of the coating film, 

which was determined according to GB/T 1733-93. The coating film coated on tinplate with a 

size of 120mm×25mm was placed in water at room temperature, and its water resistance was 

measured by recording the time when the coating appeared white, blistering, and shedding. Water 

resistance properties were also evaluated by the water absorption ratio of the latex film. About 

0.5 g of the sample film with 2 × 2 cm2 was soaked in deionized water at 25 ℃ for 24 h, and 

wiped dry with a piece of dry filter paper immediately after taking it out and weighed it. The 

water absorption ratio (R) was calculated by Equation (1)[29]: 

                        𝑅𝑅 = [𝑚𝑚2−𝑚𝑚1
𝑚𝑚1

] × 100%                        (1) 

where m1 and m2 are the weights before and after being soaked in water, respectively. The 

measurement instrument of contact angle (DSA30, Germany) was used to test the 

hydrophobicity of the coating at room temperature. The contact angle value was the average 

value of 5 measurements of the coating film to be tested at different positions. The surface 

energy γs of the coating film was then calculated by the Neumann's equation of state as shown by 

Equation (2)[38]: 

𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 2 • �
𝛾𝛾𝑠𝑠
𝛾𝛾𝑙𝑙

• 𝑒𝑒−𝛽𝛽(𝛾𝛾𝑙𝑙−𝛾𝛾𝑠𝑠)2 − 1                   (2) 

where θ is the contact angle of the coating measured on certain type of solid surface, γl (γ(H2O) = 

72.75 (mN•m-1) ) is the surface tension of a given liquid, β (0.0001247 (m2•mJ-1)2 ) is a constant 

which is determined by the experimental contact angles on different types of solid surfaces[39],. 

Thermal stability of the latex film was tested by TGA (Mettler Toledo Co. Swiss Confederation) 
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with the temperature ranging from 30 to 700 ℃ with a heating rate of 15 ℃ / min under a 

nitrogen flow rate of 50 mL/min. The mechanical properties of the latex films were tested by a 

tensile tester (AI-7000-LA3, Gotech Testing Machines) with a speed of 6 mm/min at room 

temperature. The test follows the ASTM-D638 and the tensile specimens’ dimension was 

100×10×1 mm in the working section. The samples’ fracture morphologies after the tensile test 

were observed by SEM (APREO, FEI, USA) at an acceleration voltage of 2 kV. 

3. Results and discussion 

3.1 Synthesis and characterization of the resins 

A series of acrylic emulsions modified with different OFPMA contents were synthesized by 

the core-shell emulsion polymerization. In order to verify that OFPMA was successfully 

introduced into acrylic emulsion and to confirm that the synthesized emulsion has a core-shell 

structure, a series of characterization work was done. Because F4 exhibited the best performance 

among the samples (to be discussed in later sections), the characterizations of the emulsion were 

focused on F4. 



12 
 

 

Fig. 2 FTIR spectra of the sample without OFPMA (F0) and the sample with 4 g OFPMA (F4). 

FTIR spectrometer was employed to analyze the chemical structures of the as-prepared 

products, and the FTIR spectra of F4 and F0 are displayed in Fig. 2. It can be seen that both 

samples have similar peaks at some positions. The observed peaks at 3429, 2928 and 2873 cm-1 

can be attributed to the stretching vibration of -OH, -CH3 and -CH2, respectively [21, 40-42]. The 

peaks observed at 1734 and 1158 cm-1 are assigned to the stretching vibration of C=O and C-O-C 

[43-45]. The peaks at 1456 and 1384 cm-1 correspond to the vibration bending of -CH3 and -CH2 

[29, 46]. Further observation found that compared with the spectrum of F0, F4 has wider peaks 

between 1116 ~ 1158 cm-1 [47], which can be ascribed to the strong absorption of the C-O-C 

group being overlapped by the stretching vibration of the C-F band [30, 48-50].  
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Fig. 3 XPS spectra of the sample F0 and F4. 

The chemical composition and the arrangement of the molecular chains of the polymer 

surface and the terminal functional groups of the molecular chains can all affect the chemical 

energy of the polymer surface [28, 51]. To further study the chemical composition of the surface 

of the as-prepared fluorinated acrylic latex film, the XPS analysis was applied. The XPS spectra 

of the sample F0 and F4 are illustrated in Fig. 3. As shown in Fig. 3a and d, compared with 

sample F0, the survey spectrum of F4 appears a new characteristic signal at 688 eV, which can be 

ascribed to F1s [30]. In Fig. 3a, b and c, it can be further observed that both samples show 

characteristic signals at about 286 eV and 531 eV, which are attributed to the C1s and O1s, 

respectively [28]. Fig. 3b shows the XPS spectrum of C1s. It can be seen from the figure that 
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three main peaks are assigned to C-C (284.7 eV), C=O (286.3 eV) and O-C=O (288.6 eV), 

respectively [52]. According to the literature, the characteristic peak at 288.6 eV may also be due 

to the overlap of the C-F functional group and the O-C=O functional group [28, 53]. Hence, the 

results indicate that the surface of polymer film has been covered by fluoroalkyl groups. 

In general, during latex film formation, a large number of fluorinated groups are 

concentrated at the interface between the air and the coating film, which can effectively reduce 

the surface free energy and surface tension of the latex film, and enhance the hydrophobicity [35]. 

In order to confirm this conclusion, the atomic composition of different positions of the 

cross-section of the fluorine-containing sample F4 was measured using Energy Dispersive X-Ray 

Spectroscopy (EDS) point scanning. The position measured by EDS is marked in Fig. S1, and the 

atomic composition is listed in Table 2. It can be seen from the data in Table 2 that the content of 

fluorine atoms is 3.65 wt% at point A, where is far away from the interface between the air and 

the latex film. While at point C, it is close to the interface between the air and the latex film, the 

content of fluorine atoms is 4.38 wt%, which is higher than that of point A and the theoretically 

calculated content of fluorine atoms (3.68 wt%). 

Table 2. The composition of atoms at different positions of the cross section of the 

fluorine-containing sample F4 measured by EDS. 

Sample 
Theoretical atomic 

content (wt.%) 
Experimental atomic content (wt.%) 

A B C 

F4 
C 71.66 79.34 79.62 76.97 
O 24.66 17.01 16.50 18.65 
F 3.68 3.65 3.87 4.38 
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Fig. 4 TEM micrograph of the fluorinated acrylate latex particle (F 4). 

The morphology of the latex particles of the fluorinated acrylate emulsion was observed by 

TEM and illustrated in Fig. 4. It can be clearly observed that the latex particles have a core-shell 

structure and the particle size is about 80 ± 10 nm. The significant contrast between the core 

layer and the shell layer of the copolymer particles is owing to their different electron 

penetrability [28, 54]. The core phase (light regions) copolymerized by St, MMA, BA and DVB 

shows a diameter of about 60 ± 5 nm. While the shell phase (dark regions), which was further 

copolymerized by fluorinated acrylate monomers and other acrylate monomers on the surface of 

the core-phase polymer, shows a thickness of about 10-15 nm. No new particles generated by 

self-polymerization has been observed [28]. The particle size and diameter distribution of latex 

particles was determined by DLS and the distribution curve is depicted in Fig. S2. It can be seen 

from Fig. S2 that the latex particles have an average particle size of about 127.7 nm and a 

relatively narrow particle size distribution (PdI is 0.130). The average particle size measured by 

DLS is larger than the particle size observed from the TEM image. This may be due to the 

existence of the hydration layer on the surface of the latex particles, which makes the latex have 

better stability and show larger particle size determined through DLS. 
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Scheme 1. The core phase monomers are polymerized. 

 
Scheme 2. The shell phase monomers are polymerized. 

According to the above characterization and analysis, the synthesis mechanism of the 

core-shell latex can be stated as follows. Scheme 1 shows the polymerization of core phase 

monomers, which contain some conventional monomers such as St, MMA, BA. After the first 

step, the core phase is formed. Scheme 2 shows further polymerization on the basis of Scheme 1, 

which is the formation of core-shell latex particles. At this step, some conventional functional 

monomers such as GMA, HEMA, AA, etc. are added to the shell monomers to increase the 

crosslinking density of the latex film. OFPMA as a modifying monomer is also mixed and 
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copolymerized with the shell monomers in this step to reduce the surface energy of the resin 

coating. Due to the presence of crosslinking monomers such as DVB and GMA during the 

polymerization process, it can be inferred that a stable interpenetrating polymer network is 

formed during the polymerization of the core-shell latex particles. 

3.2 Water resistance of the coatings 

Table 3. The influence of the amount of OFPMA on the water resistance of the coating. 

Sample 
Water resistance 

Room temperature 30℃ 

F0 11 h 4 h 

F2 24 h 24 h 

F3 96 h 27 h 

F4 >360 h 75 h 

F5 150 h 75 h 

The water resistance of the as-prepared coatings was tested. The variation of water 

resistance of coatings with the amount of OFPMA is shown in Table 3. As the amount of 

OFPMA increases, the water resistance of the coating continues to be improved. The coating 

gives the best water resistance when the amount of OFPMA is 4 g. The water resistance of the 

coating is greater than 360 h at room temperature and can still reach 75 h at 30 ℃ when the 

amount of OFPMA added is 4 g. The result indicates that the water resistance of the resin coating 

can be effectively enhanced by the addition of OFPMA. 
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Fig. 5 The influence of the amount of OFPMA on the water absorption of the latex film. 

In order to further explore the influence of the amount of OFPMA on the water resistance of 

the latex film, the 24 h water absorption ratio of the latex film was tested. The result is depicted 

in Fig. 5. As shown in Fig. 5, the latex film water absorption ratio is 4.4 wt% when OFPMA is 

not contained in the latex film. As the amount of OFPMA increases, the water absorption ratio of 

the latex film decreases first and then increases. When the amount of OFPMA is 4 g, the water 

absorption ratio of the latex film reaches a minimum of 3.2 wt%. The reason is that a large 

number of C-F functional groups were introduced into the resin chains as the amount of OFPMA 

was increased, and C-F functional group tended to migrate to and enriched on the outmost 

surface of the latex film during the curing of emulsion, which could prevent the water molecules 

from penetrating into the inside of the latex film. Hence, the latex film water absorption is 

decreased [29]. However, water absorption starts to rise with the further increase of OFPMA 

content. It is attributed to the poor compatibility of the fluorinated polymers and acrylate 
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polymers, resulting in a greater degree of phase separation [28]. Therefore, the best amount of 

OFPMA is 4 g, which is also consistent with the water resistance law in Table 3. 

 

Fig. 6 Coatings contact angles at different OFPMA concentration. 

The influence of the amount of OFPMA on the hydrophobic properties of the coating 

surface was explored by measuring the contact angle of the coating film (Fig. 6). From Fig. 6, it 

can be clearly observed that the contact angle of the cured coating film gradually increases as the 

content of OFPMA in the latex increases. When the amount of OFPMA increases from 0 to 5 g, 

the contact angle increases from 80.7° to 90.6°. Coating films with a lower surface energy can 

enhance their hydrophobic, oleophobic and antifouling capabilities. The surface energy of the 

coating is calculated by the Neumann's equation of state from the measured value of the contact 

angle and listed in Table 4. As the contact angle increases, the surface energy of the coating 

gradually decreases. This may be due to the enrichment of C-F functional groups on the surface 

of the coating, which reduces the surface tension of the coating [28, 29]. 
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Table 4. The relationship between contact angle and surface energy. 

OFPMA amount (g) 0 2 3 4 5 

Contact agent (°) 80.7 83.9 85.6 87.9 90.6 

Surface energy (mN•m-1) 35.0 33.0 32.0 30.5 28.8 

In order to better compare the hydrophobic properties of waterborne acrylic resins, some 

studies on other waterborne acrylic resins are listed in Table 5. It can be clearly seen from Table 

5 that the as-prepared waterborne acrylic resin modified with OFPMA has better hydrophobic 

properties. 

Table 5. Comparison of the hydrophobic properties of several acrylic resins. 

Type of resin 
Contact 
angle (°) 

Water 
absorption 

(wt%)a 

Water 
resistance 

Ref. 

Epoxy-modified polyurethaneacrylate 81.9 22.1  [27] 

Trifluoroethyl methacrylate modified 

acrylate emulsion 
105.3 4.3  [29] 

Acrylic resins synthesized by solution 

polymerization 
  >24 h [55] 

Silane coupling agent modified acrylate 

emulsion 
90  >24 h [43] 

OFPMA modified acrylate emulsion 90.56 3.2 >360 h This work 

a The measuring time of water absorption is 24 h. 

3.3 Thermal stability 
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Fig. 7 TGA curves of the latex films with different amount of OFPMA. 

The effect of fluorine content on the thermal properties of latex film was explored by testing 

the TGA curves of the latex films with different OFPMA contents and the results are plotted in 

Fig. 7. It is clearly observed that the samples with different fluorine contents show different 

degradation behavior. At 100-200 °C, the weight loss of the latex film is caused due to the 

elimination of unremoved water [43, 56]. The main weight loss that occurs between 300-450 °C 

is due to the decomposition of the polymer carbon chains [57, 58]. For latex film without 

OFPMA (F0), its initial decomposition temperature is about 355 ℃. The thermal decomposition 

temperature and thermal stability of the latex film also increase with the increase of the amount 

of OFPMA. When the amount of OFPMA is 4 g, the initial decomposition temperature of the 

latex film reaches the maximum value of about 370 °C. This phenomenon can be attributed to 

the shielding and protection of the polymer carbon chain by the high bond energy C-F bond on 

the long-chain fluoroalkyl group [29, 30]. The carbon chain of macromolecules is shielded by the 
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large number of C-F bonds on OFPMA, thereby improving the thermal stability of the polymer. 

When the amount of OFPMA is further increased, the thermal stability of the latex film begins to 

decrease. This change may be ascribed to the poor compatibility between fluorinated polymers 

and acrylic polymers, and the phase separation occurs during the film formation of the emulsion. 

Hence, some carbon chains lose the shielding protection of F atoms [28]. 

3.4 Mechanical properties 

 
Fig. 8 Tensile stress-strain curves of latex with different OFPMA contents. 

The tensile tester was employed to test the mechanical properties of the as-prepared samples. 

The results are displayed in Fig. 8 and Table 6. From Fig. 8, bn
 (n=0,2,3,4 and 5) is the breaking 

point, and the stress at this point is called breaking stress or tensile strength. The curve has a 

maximum stress at an (n=0,2,3,4 and 5), and the stress corresponding to this point is called yield 

strength. The material undergoes a large deformation after yielding, which is a forced 

high-elastic deformation. At this time, the polymer in the glassy state starts to move, causing the 

chain to stretch and the stretched molecular chain will not automatically return to its original 
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state. Therefore, the strength of the molecular chain with a certain stretching tendency further 

increases, and the stress rises until the molecular chain is broken (bn). This shape of the 

stress-strain curve is due to the temperature, at which the tensile test (20°C) is slightly lower than 

the Tg of the resin. The resin is highly deformable and exhibits tough properties. It also can be 

seen from the picture and Table 6 that the tensile strength and the elongation at break of the 

polymer tend to increase as the amount of OFPMA increases. The sample F0 without OFPMA 

has a tensile strength of 1.8 MPa and the elongation at break of 152.64 %. When the content of 

OFPMA in the sample is 2 g, 3 g, 4 g and 5 g, the tensile strength and the elongation at break of 

the sample increase to 3.46 MPa, 4.57 MPa, 7.77 MPa, 6.23 MPa and 234.66 %, 268.63 %, 

303.87 %, 270.95 %, respectively. The sample obtains the maximum tensile strength (7.77 MPa) 

and the elongation at break (303.87 %) when the amount of OFPMA is 4 g (F4). The Young's 

modulus describes the ability of a solid material to resist deformation. The Young’s modulus of 

the samples is calculated and listed in Table 6. The Young's modulus of the as-prepared samples 

also increases from 44.27 MPa to 155.73 MPa when the content of OFPMA increases from 0 g to 

4 g. The highest Young's modulus is obtained when the amount of OFPMA is 4 g. 
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Table 6. Elongation at break, tensile strength, and Young’s modulus of the samples with 

different OFPMA contents. 

Samples Elongation at break (%) Tensile strength (MPa) Young’s modulus (MPa) 

F0 152.64 1.8 44.27 

F2 234.66 3.46 47.35 

F3 268.63 4.57 77.00 

F4 303.87 7.77 155.73 

F5 270.95 6.23 127.33 

 

 

Fig. 9 SEM images of the fracture surface of (a) F0 and (b) F4. 

Different fracture surface morphologies after the tensile test can be observed by SEM (Fig. 

9). From Fig. 9(a), the sample without OFPMA exhibits a relatively smooth fracture surface and 

ribbons-like streaks in the direction of crack propagation, which indicates that the resin has a 

weak resistance to the crack propagation [59]. In contrast, after the incorporation of OFPMA (Fig. 

9(b)), the fracture surface becomes rough, uneven and wrinkled, which indicates that the 

toughness of the resin has increased and the resistance of the resin to crack propagation has been 
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improved. This can be attributed to the enhanced intermolecular interaction and stronger 

interfacial interaction [43, 57, 60]. 

4. Conclusions 

The core-shell waterborne acrylic resins were successfully prepared with various acrylic 

monomers as raw materials and octafluoropentyl methacrylate as modified monomers by the 

emulsion polymerization. Due to the successful introduction of C-F functional groups, 

hydrophobic properties of the polymer have been improved and the polymer has better thermal 

stability. The experimental results indicate that when the added amount of OFPMA is 6.65 wt% 

(4 g) of the total monomers, the water absorption ratio of the polymer coating was the lowest 

(3.2 wt%), and the water resistance time could reach more than 360 h. The contact angle 

measurement experiment also shows that with the addition of fluorine-containing monomers, the 

surface energy of the coating film is reduced, and the initial thermal decomposition temperature 

of the polymer reaches 370 °C, which is higher than that of pure resin (355 ℃). At the same time, 

the introduction of fluorine-containing monomers also made the latex film exhibit a stronger 

tensile strength, which was improved to 7.77 MPa compared to unmodified acrylic resin. TEM 

observation confirms that the latex has a core-shell structure. The application of the core-shell 

structure not only improves the performance of the polymer, but also reduces the amount of 

fluorine-containing monomer, which makes the synthesized polymer possess the characteristics 

of low cost and low pollution. Meanwhile, the resin coating has a lower surface energy and better 

water resistance, which are expected to be used for the long lifetime protection coatings [31] and 

hydrophobic fabrication of construction materials [61]. This study provides a potential 
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high-performance technology for water-resistant and heat-resistant applications of water-based 

coatings [62, 63]. 
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