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Abstract: In this study, a series of poly(methyl methacrylate) (PMMA) copolymer films were prepared via solution 

polymerization of methyl methacrylate (MMA) with butyl acrylate (BA) and lauryl methacrylate (LMA) as monomers. 

Mechanical properties, hydrophobic properties, and optical properties of the films were intensively investigated. The rhe-

ological results showed that the fluidity of the copolymer was considerably enhanced. When the monomer ratio of 

MMA:BA:LMA was 100:30:10, the copolymer film S4 showed the best overall performance with perfect optical trans-

parency maintained. The results of the dynamic mechanical and thermal analysis suggested that the glass transition tem-

perature (Tg) moved towards lower temperature, with enhanced ductility of the PMMA films. A large number of yield 

folds and crazes appeared on the cross-sectional surface of copolymer films through morphological observations, dis-

playing the obvious characteristics of toughness fracture and obeying the energy dissipation mechanism of cracks shear 

band. The present study provided a facile way of preparing PMMA films with high toughness and light transmittance 

by appropriate selection of the monomers, which will be of practical significance for further studies on the replacement 

of triacetyl cellulose as a support film of polarizers.

Keywords: poly(methyl methacrylate), copolymer film, toughness, polarizer.

Introduction

The emergence of liquid crystal display (LCD) has exerted 

an impact on modern society. As a flat panel display, LCD has 

a wide range of applications, such as notebook computers, 

mobile phones, digital cameras, display panels, and other com-

mercial consumer electronics.1 The structure of a typical mul-

tilayer polarizer included surface protective films-triacetyl 

cellulose (TAC) film, uniaxial polyvinyl alcohol (PVA) layer, 

TAC film wide-vision (WV) compensation layer, pressure-sen-

sitive adhesive layer and release film, among which the polar-

izing layer is PVA film.2,3 Since TAC films had disadvantages 

such as poor weather resistance, dimensional instability, 

expensive materials and complicated preparation techniques, 
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scientists are looking for replaceable alternatives.4 Polymeric 

materials such as poly(methyl methacrylate) (PMMA) film, 

cyclic olefin copolymer (COP) film and polyethylene tere-

phthalate (PET) film are beginning to be introduced to replace 

TAC film in large quantities.5-7 Among those non-TAC films, 

PMMA film accounted for the highest percentage of protective 

film.

PMMA, which is also known as plexiglass and commonly 

polymerized from methyl methacrylate (MMA). It is an amor-

phous polymer with good optical properties, rigidity, dimen-

sional stability, UV aging resistance and other excellent 

properties.8-12 PMMA has been widely used in various fields, 

such a optical sensors, supercapacitor electrode materials, 

optoelectronic devices, as well as biomolecular applications.13-15

However, due to a low crack propagation energy, PMMA 

always showed obvious notch sensitivity and lower notch 

impact toughness during the fracture process. The application 

of PMMA has been limited by its high brittleness. Many stud-

ies have been extensively carried out to improve the toughness 

of PMMA over the past several decades. Jamaluddin et al.

used solution casting technology to prepare nanocomposites of 

PMMA and cellulose nanofibers (CNF) modified with pro-

pionic anhydride (PA), and they found that the addition of 1 

wt% CNF helped to enhance the tensile properties and tough-

ness of the composites coupled with good transparency.16 Mao

et al. designed a co-continuous phase structure in PMMA/

chlorinated polyethylene (CPE) to improve PMMA’s impact 

toughness and they found at a CPE loading of 40 wt% the 

notched impact strength of the blend reached 28.5 kJ/m2, 

which was 26 times higher than that of neat PMMA.17 Kenan

et al. used nettle fibers obtained by natural methods to prepare 

nettle fiber-reinforced PMMA composites, the results showed 

that after adding 10% nettle fiber, the impact strength increased 

by 40% and the fracture toughness increased by 106%.18 Xia 

et al. used emulsion polymerization to prepare core/shell type 

organic-inorganic hybrid polymer nanoparticles (Si-ASA 

HPNs), using silicon-modified butyl acrylate copolymer 

(PBA) as the core and styrene-acrylonitrile copolymer (SAN), 

and their results showed that the addition of core-shell particles 

could improve PMMA’s elongation at break and impact 

strength.19 In recent years, copolymerization was considered as 

an attractive method for preparing the ductile polymeric mate-

rials,20 and had also considered as a potential method for 

improving the toughness of PMMA. Ye et al. designed and 

synthesized an organogel with a long alkyl chain structure to 

modify PMMA and prepare toughened PMMA composites, 

and their results showed that the impact strength and elon-

gation at break of the composites were 1.6 and 9.6 times higher 

than those of neat PMMA, and the maximum value of impact 

strength and breaking elongation were achieved when 1.0 wt% 

gelator was added.21 Kubiak et al. prepared a hybrid particle 

brushes and star polymers with a core-shell structure via atom 

transfer radical polymerization (ATRP) and incorporate them 

into PMMA, and found that both strength and toughness of 

PMMA were improved without a significant reduction in opti-

cal transparency.22 However, the preparation of high toughness 

PMMA by ternary random copolymerization was rarely 

reported.

In this study, solution polymerization was selected to pro-

duce ternary copolymerization of MMA, butyl acrylate (BA) 

and lauryl methacrylate (LMA) to fabricate toughened PMMA 

films with high transparency. By adjusting the ratio of MMA, 

BA, LMA, and optimized ratios of three monomers were 

explored on the basis of the experimental data of molecular 

weight distribution (MWD), cross-sectional morphology and 

physio-mechanical properties of the prepared PMMA films via 

gel permeation chromatography (GPC), scanning electron 

microscope (SEM) as well as dynamically rheological mea-

surement. Our findings showed that the toughness of PMMA 

film was significantly improved with a light transmittance of 

93% maintained, together with considerably improved hydro-

phobic properties of the prepared PMMA films. The present 

work supplies a facile way of preparing a high toughness and 

high light transmission PMMA films, which will surely be 

important to replacement of TAC film as a supportive film for 

polarizers.

Experimental

Materials. Methyl methacrylate (MMA) [99.0%, containing     

30 ppm MEHQ stabilizer], butyl acrylate (BA) [AR, 99%], 

lauryl methacrylate (LMA) [96%, containing 500 ppm MEHQ 

stabilizer], and ethyl acetate (EAC) [AR, 99.5%] were all pur-

chased from Aladdin (Shanghai) Co., China. Azobisisobuty-

ronitrile (AIBN) was purified and recrystallized by using 

ethanol.

Sample Preparation. The main monomer used in polym-     

erization to PMMA is MMA, which provides good rigidity for 

macromolecular chains. The synthesized PMMA films are 

required to have perfect toughness to protect PVA films in 

place of TAC films, and soft monomers e.g., BA and LMA, 

were used to toughen the PMMA films in this work. The exis-
 Polym. Korea, Vol. 46, No. 5, 2022
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tence of LMA and BA made them copolymerized with MMA 

randomly, and the selection of ratio of those monomers was 

the focus of this study.

The sample preparation process was illustrated in Figure 1. 

Firstly, weigh different masses of MMA, BA, LMA, and mix 

them in a beaker, add 0.56 g AIBN and stirred the mixture to 

dissolve the initiator completely. Weigh 200 g EAC mixed 

with monomers, place them in an oil bath at 70 °C under nitro-

gen atmosphere by magnetic stirring for 8 h to obtain the copo-

lymer. Then, the copolymer was added dropwise on a glass 

plate, and the films with a thickness of 1000 μm which were 

obtained via being scraped using a doctor blade coating 

method were dried in a vacuum for 12 h. Samples with dif-

ferent ratio were denoted as S1-S6, with the detailed com-

positions summarized in Table 1.

Characterization and Measurement. GPC: 4 mg poly-      

mer was weighed and dissolved in chromatographic tetra-

hydrofuran (THF) to prepare a sample solution of 1 mg·mL-1. 

After completely dissolved, the solution was filtered using a 

0.45 μm copolymerization syringe to obtain the filtrate, and 

polymer samples were subsequently injected into the sampling 

system. GPC (GelMaster-3000, POLYTECH, BEIJIN) was 

operated with chromatographic neat THF as the mobile phase 

at a flow rate of 1000 μL·min-1, and all GPC tests were carried 

out at 40 °C.

Fourier Transform Infrared Spectroscopy (FTIR): The     

vertex 80 FTIR spectrometer provided by Bruker Co. Germany 

was used for FTIR characterization of the functional groups in 

the copolymerization films. The spectrometer was equipped 

with a Hyperion 2000 infrared microscope, using a thin film 

mode with a wavelength ranging from 600 to 4000 cm-1.

Dynamically Rheological Measurement: A strain-con-    

trolled rheometer (Bohlin Gemini-200, Malvern Instruments 

Ltd., UK) was adopted for dynamic rheological testing, using 

a dynamic frequency sweep with samples of 20 mm diameter 

in the cone-plate mode. The cone-plate angle was 4° at a tem-

perature of 25 °C. All rheological measurements were carried 

out in a scanning frequency range from 0.01 to 100 Hz.

Mechanical Performance Measurement: Electronic uni-    

versal testing machine (5967, Instron, USA) was used to eval-

uate the mechanical properties of the films at room temperature.

All film samples were fixed vertically with two pairs of clamps 

with an initial distance of 50.0 mm, and tested at a constant 

elongation rate of 10 mm/min until the samples were com-

pletely broken. At least 3 samples were measured for each 

sample and average values were recorded for comparison.

Water Contact Angle (WCA) Measurement: A contact     

angle tester (DSA 30, KRUSS, Germany) was used to evaluate 

the hydrophilicity of the PMMA films. All measurements were 

performed at the room temperature with double distilled water 

as the probe liquid.

Optical Performance Test: The transmittance and haze of     

the films were obtained using a transmittance-haze meter 

(color haze meter YJD-3600C, Chongqing Inspection Instru-

ments Co., China). The square samples were cut out with 

dimensions of 4 cm×4 cm from the films for testing.

Dynamic Mechanical Thermal Analysis (DMTA): A     

DMTA device (Q-800, TA Instruments, USA) was used to 

study the dynamic mechanical behaviors of the prepared 

PMMA films. The temperature of the samples (with dimen-

sions of 1 mm×7 mm×30 mm) rose from room temperature to 

190 °C at a heating speed of 5 °C/min with the modulus curve 

recorded simultaneously.

SEM Observation: A SEM (S-4800, Hitachi, Japan) was     

used to study the morphology of the PMMA films, which were 

first fractured in liquid nitrogen and then sputtered with gold in 

vacuum. Observation of the cross-sectional morphology of the 

samples was done at an electronic accelerating voltage of 30 

kV.

Figure 1. Schematic diagram of the process of preparing a copo-

lymer film.

Table 1. The Ratio of Copolymer Films (unig : g)

Samples MMA BA LMA (g) AIBN (g) EAC

S1 140 0 0 0.56 200

S2 100 0 40 0.56 200

S3 100 40 0 0.56 200

S4 100 30 10 0.56 200

S5 100 20 20 0.56 200

S6 100 10 30 0.56 200
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Results and Discussion

GPC. Figure 2 was the GPC curves of S1-S6 copoly-         

merization films, and it could be seen that the MWD of the 

synthesized ternary copolymer was unimodal without side 

reaction products (such as oligomer) detected. The experi-

mental data were listed in Table 2. The MWD of S2-S6 was 

similar to that of S1. The Mw of the S1 was 80515 g/mol and 

its Mn was 40693 g/mol with a polydispersity index (PDI=Mw/

Mn, an indicator of MWD) of 1.98. The molecular weights 

(Mw) of films S2-S6 were almost the same as that of film S1. 

The values of PDI of S1, S3, and S4 were 1.98, 1.95, and 1.99 

respectively (all less than 2.0), indicating that the MWD of the 

samples was sufficiently narrow.

FTIR Analysis. Figure 3 showed the infrared spectrum of        

S1-S6, and the peak at 1733 cm-1 was the stretching vibration 

characteristic of ester carbonyl group and that at 1452 cm-1 was 

the asymmetric stretching of PMMA's O-CH3 group.23-30 The 

peaks at 1149 and 1152 cm-1 were the symmetric stretching 

vibrations of the carbon-oxygen bond of the ester group,31 and 

that at 1149 cm-1 was the characteristic peak of the ester bond 

of MMA.32 The absorption bands peaks at 1461 cm-1 and 1068 

cm-1 were closely related to the bending vibrations of the C-H 

and C-O bonds, respectively. The area change in the vicinity of 

3000-2700 cm-1 belonged to the -CH2 of the LMA side chain 

in the copolymer.33 The peak at 3447 cm-1 was the vibration 

peak of -COOH, that at 751 cm-1 was the characteristic peak of 

LMA and that at 838 cm-1 was the characteristic peak of BA. 

The stretching vibration peak for C=C double bond was usu-

ally 1700-1600 cm-1, and this characteristic peak did not 

appear in the spectrum, indicating the PMMA copolymer had 

been successfully prepared in this work.34

Dynamically Rheological Behaviors. The rheological    

analysis of the copolymers was carried out, as shown in Figure 

4, which displayed the frequency dependence of the composite 

viscosity η*. It could be seen that at a lower frequency, the vis-

cosity of each sample varied greatly. The shear viscosity of the 

neat PMMA film dropped from 5.90×105 Pa·s to 1.8×102 Pa·s 

(suggesting a typical non-Newtonian fluid characteristics). It 

could be seen that the viscosity of neat PMMA was maximum 

at low shear frequency, which exhibited much greater decreas-

Figure 2. GPC traces of PMMA copolymer films.

Table 2. GPC Experimental Data Parameter

Samples Mn Mw PDI(Mw/Mn)

S1 40693 80515 1.98

S2 56760 114461 2.02

S3 40996 80004 1.95

S4 56735 113415 1.99

S5 56959 119256 2.09

S6 60928 123132 2.02

Figure 3. FTIR spectrum of P(MMA-BA-LMA) copolymer films.
 Polym. Korea, Vol. 46, No. 5, 2022
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ing rate in viscosity, because the PMMA chains were rigid and 

the molecular bonds were tightly stacked. This kind of behav-

ior in viscosity had been reported to be typically encountered 

in inhomogeneous systems (e.g., polymer gels and liquid-crys-

talline polymers).35 The viscosities of S3 and S5 were lower 

since the copolymer structure contained a large number of 

alkane side groups, and the spatial site resistance increased the 

molecular chain spacing.36

At high shear frequencies, polymer chains untwisted and 

separated from each other, and intermolecular interactions 

were weakened, leading to a decrease in viscosity. The changes 

in storage modulus (G') and loss modulus (G'' ) with shear rate 

were presented in Figures 4(b-c), and G' clearly exceeds G'', 

indicating the fact that the flow deformation was subject to the 

elastic deformation. Combined with Figure 4(a), as the shear 

frequency increased, the viscosity (η* ) decreased, indicating 

that the fluid displayed a typical shear thinning behavior, 

which was in line with the characteristics of pseudoplastic flu-

ids.37

WCA of Various Copolymer Films. WCA experiments     

were also carried out to explore the hydrophilicity of samples 

S1-S6, the results were presented in Figure 5. With different 

monomer ratios, the WCA of film S1 was 76.4°, and that of 

copolymer film was generally larger than that of S1. Therefore, 

copolymer film had better hydrophobicity than neat PMMA 

film, considering the hydrophobic groups, such as ester groups 

and methyl side chains.38-40 Molecular chain may form entan-

glements during polymerization, and accumulate more ester 

groups and methyl side chains, so copolymer film showed 

greatly improved hydrophobic properties in comparison to neat 

PMMA film, which made them potentially applicable for 

replacing the TAC as supportive film especially in the presence 

of pressure-sensitive adhesive.

Optical Properties of Various Copolymer Films. As is     

Figure 4. (a) Frequency dependence of complex viscosity; (b) fre-

quency dependence of storage modulus; (c) frequency dependence 

of loss modulus for PMMA copolymer films.

Figure 5. WCA of copolymer films of (a) S1; (b) S2; (c) S3; (d) S4; 

(e) S5; (f) S6.
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known, crystalline and semi-crystalline polymers are usually 

opaque and have low visible light transmittance because light 

is refracted and reflected at the interface of crystal domains, 

while amorphous polymers are usually transparent and have 

high visible light transmittance. Haze was defined as the frac-

tion of transmitted light scattered at a large angle (>2.5°) and 

represented the milky color of the sample.41 Figure 6 showed 

the light transmittance data graphs of various films and 

PMMA film had a high light transmittance. As can be seen in 

Figure 6, the copolymer film also had good transparency with 

a light transmission ranging from 80% to 93%. As shown in 

Figure 7, the prepared films all had low haze and high light 

transmittance (the text was clearly visible under the film), sug-

gesting that the addition of both monomers improved the 

mechanical properties of the films without reducing the films’ 

transparency.

Mechanical Performance of Various Copolymer Films.     

Figure 8 showed the correlation between tensile strength (t), 

elongation at break (b) of various films. It could be seen from 

Figure 8(a) that at a tensile rate of 10 mm/min, the t for S1 

was 40.8 MPa, and the respective b was 2.09%. With an incor-

poration of LMA, the b increased first and then decreased, with 

a maximum b at 143.23% for S5. A small increase in tough-

ness of films S2 and S3 indicated that the improvement in 

toughness was actually limited when single monomer was 

added. As compared with the b at 2.09% for neat PMMA (S1), 

the b of S5 increased by 67 times, however, the t of S5 was 

just 27.4 MPa, much lower than that of S1 (40.8 MPa). The t

and b of S4 were 40.29 MPa and 82.45%, respectively. As 

compared with films S1 and S5, film S4 had the best tensile 

strength while maintaining high toughness. This could be 

mainly due to the irregular arrangement of three monomers to 

form flexible molecular chains with long-chain side groups, 

which tended to produce entanglement between the molecular 

chains, leading to improved toughness of the copolymer films.

The DMTA curves of neat PMMA and copolymer films 

were shown in Figure 9. In the temperature range studied, the 

viscoelasticity of the samples varied considerably with the 

variation of the monomer ratio. As presented in Figure 9(a), 

the storage modulus decreased as the temperature rose, show-

ing an inverted "S" type. The value of the lower slope in the 

middle of the storage modulus curve gradually increased, indi-

cating that the temperature sensitivity of the storage modulus 

increased gradually. It could be seen that the addition of dif-

ferent ratios of monomers caused the storage modulus of copo-

lymer films to be lower than that of neat PMMA film, 

indicating that the addition of these monomers reduced the 

rigidity of the film.

Figure 6. Variation of the transparency and haze test for various 

samples.

Figure 7. Photograph of copolymer films of (a) S1; (b) S2; (c) S3; 

(d) S4; (e) S5; (f) S6.
 Polym. Korea, Vol. 46, No. 5, 2022
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The random copolymer chains formed by BA, LMA, and 

MMA had higher mobility to enhance the toughness of 

PMMA. Figure 9(b) presented the variation of tan δ with tem-

perature for various copolymer films, and the tan δ of the 

copolymer films was lower than that of neat PMMA. The peak 

on the tan δ curve always represented the glass transition tem-

perature (Tg) of the polymeric materials, and it could be seen 

that the Tg of the copolymer films was lower than that of neat 

PMMA, indicating that the movement of molecular chains in 

the copolymer film became easier than that of neat PMMA, 

and the presence of other monomers helped to improve the 

toughness of the films.

In this work, PMMA copolymer films with high toughness 

and light transmittance were successfully prepared with a high-

est elongation at break (b) of 82.45%, tensile strength of 40.3 

MPa and a light transmittance of 90%, which were actually 

achieving the standard for a commercial TAC film (e.g., 

Model: #TAC-10%-60MPA-92%) made by Hefei Lucky film 

Co., Ltd. China, whose products were mainly used in various 

application areas (e.g., imaging, photoelectric, polarizer, etc). 

Last but not the least, PMMA copolymer films will potentially 

be applicable in replacing TAC film as support film for polar-

izers.

Morphological Observation of Toughened Copolymer    

Films. Figure 10 showed the cross-sectional morphology of     

the films, and it could be seen that the surface of the cross-sec-

tion looked flat and smooth without cracks (cf. Figures 10(a-

a')), displaying typical brittle fracture characteristics. When BA 

and LMA monomer were added, the cross-sectional mor-

phology gradually became rough, suggesting an improved 

toughness compared with neat PMMA. As shown in Figures 

10(b-f '), the fracture surfaces of S2-S6 were rough due to 

absorbing a lot of energy to produce deformation, showing the 

characteristics of toughness fracture. Films S3, S4, and S5 dis-

played more cracks and more obvious yield, indicating better 

flexibility of S3, S4, and S5 than those of S1, S2, and S6. The 

Figure 8. (a) Diagram of relationship between tensile strength and sample ratio (b) Elongation at break with sample ratio.

Figure 9. Dynamic viscoelastic curves of PMMA copolymer film with various ratio: (a) temperature dependence of storage modulus; (b) tan δ 

versus temperature transition region.
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toughening mechanism of the present copolymer films could 

be inferred as the energy dissipation of the crazing shear 

band.42,43 It could thus be concluded that the toughness of the 

copolymer films was greatly improved after the addition of BA 

and LMA monomers. Among them, S4 had a higher tensile 

strength while maintaining high toughness as well as good 

optical transparency.

Besides, mechanical properties can be reflected by the cross-

sectional morphology of films to disclose the toughening 

mechanism involved. As shown in Figure 11 that PMMA was 

a brittle unit with short molecular chain, neat PMMA without 

soft chain had difficulty in movement and showed no obvious 

deformation. Due to its hard and orderly molecular chain, the 

cross-sectional morphology was relatively smooth, exhibiting 

typically brittle fracture characteristics.44 When the LMA with 

flexible and longer alkyl chains was added, the cross-section of 

the films became rough, with a small amount of stress white-

ness and no apparent yield folds. With the addition of flexible 

BA alone, the surface of P(MMA-BA) copolymer films became

rougher with cracks in large quantities, which was due to the 

absorption of energy and deformation. Previous studies have 

reported that the addition of BA monomer was beneficial to 

improving the toughness of the film. However, the tensile 

strength was found to decrease substantially.45 After being suf-

fered with shear stress, the molecular chains moved to restrain 

the propagation of cracks. The yield folds formed on the frac-

ture surface due to the ripping effect of stress when the shear 

stress was big enough and the molecular chain was flexible 

enough. Copolymer chains with flexible elements tended to 

move and deform obviously under shear stress, resulting in 

increased toughness of copolymers. Interestingly, when LMA 

with long alkyl side chains was introduced, soft units BA and 

LMA were irregularly arranged between the hard molecular 

chains of PMMA, reducing the regularity of the macromo-

lecular chains. The molecular chains of P(MMA-BA-LMA) 

were more prone to deformation when copolymer was sub-

jected to external stress,46,47 leading to an enhanced toughness. 

As a result, the present copolymer films displayed desirable 

overall performance.

Conclusions

In this study, PMMA copolymer films were prepared via 

solution polymerization using BA, LMA, and MMA as mono-

mers. The effect of various ratios of BA and LMA on the 

physical-mechanical properties of the prepared films were 

investigated intensively. When BA or LMA was added sep-

arately, the toughness of the film was improved slightly at the 

expense of a decrease in tensile strength. With the joint incor-

poration of both BA and LMA, the toughness of the films was 

found to be greatly enhanced. When the monomer ratio of 

Figure 10. Cross-sectional morphologies of copolymer films at 20 

μm and 2 μm: (a-a') S1; (b-b') S2; (c-c') S3; (d-d') S4; (e-e') S5; (f-

f ') S6.
 Polym. Korea, Vol. 46, No. 5, 2022
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MMA:BA:LMA was 100:30:10, the elongation at break (b) 

for film S4 could reach 82.45% together with a relatively high 

tensile strength of 40.29 MPa. with acceptable optical trans-

parency. The combination of rheological data and toughness 

suggested that a lower solution viscosity (better fluidity) of 

copolymers tended to obtain films with higher toughness. The 

experimental data of DMTA and mechanical tests also dis-

closed that copolymer films had lower Tg values than neat 

PMMA film, which helped to improve the film ductility con-

sidering that the motion of molecular chains of copolymer 

films was easier. The morphological observations showed that 

the fracture surface displayed yield folds, and the fracture 

mechanism of P(MMA-BA-LMA) copolymer gradually 

changed from brittle fracture to ductile fracture with varying 

monomer ratios, and a large number of cracks appeared in the 

fracture surface of the copolymer films. It was thus confirmed 

that the toughening mechanism for the present work belonged 

to the energy dissipation mechanism of cracks shear band. The 

present work will be of practical significance to further 

research work on the replacement of TAC films as a protective 

film for polarizer.
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Figure 11. Microscopic deformation mechanism of PMMA copolymers.
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