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ABSTRACT: Core–shell nanomaterials of poly(butyl acrylate)-poly(methyl methacrylate) were synthesized using a differential microe-

mulsion polymerization method for being used as polyacrylate-based optical materials, which meet the requirement of anti-crease-

whitening and proper mechanical strength. The effects of reaction temperature and surfactant amount on the particle sizes, as well as

the effect of reaction temperature on the conversion and solid content were investigated to reveal the dependence of the application

properties on the reaction conditions. The spherical morphology of core–shell nanoparticles was also studied via transmission elec-

tron microscopy. The resulting polymers with a core–shell monomer ratio of butyl acrylate/methyl methacrylate at 32/10 (vol/vol)

demonstrated the optimal balanced properties in the anti-crease-whitening and mechanical property, confirmed by the visible light

transmittance measurement and the dynamic analysis of the viscoelastic properties of the synthesized core–shell nanomaterials. The

smaller the particle size, the better the transparency of the resulting polymer films. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 39991.
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INTRODUCTION

Anti-crease-whitening of polymer materials is an important

property when these materials are used for optical components.1

However, how to modify a polymer in order to achieve such a

property has not yet been extensively investigated. To date, the

major approaches used to overcome polymer crease-whitening

include grafting the polymers with rubber,2 or blending the

polymers with rubber, clay, or fiber.3–6 LG Chemical Company2

invented an technical route by conducting three steps of grafting

polymerization to prepare methylmethacrylate-butadiene-

styrene copolymer with superior impact resistance, transparency,

and anti-stress-whitening. Hadal et al.5 found that clay-

reinforced polybutene and polymethylpentene nanocomposite

systems had significantly reduced stress-whitening phenomenon.

Core–shell structured materials with different composite

domains in the cores and shells have received increasing atten-

tion for their superior performance compared to polymer

blends and copolymers.7 Using different polymers in the cores

and shells, a composite with properties distinct from those of

its pure constituents can be made. Such composite materials are

widely used in various areas. For example, polymer–polymer

core–shell particles can be used as effective structures for appli-

cations in pigments,7 fibers,8 immunological studies,9 drug

delivery systems,10 baroplastic processing,11 toughening poly-

meric materials,12–14 transparent conductive thin films,15 coat-

ings,16 and adhesives.17,18 The combined properties of core and

shell polymers are superior to mechanical blends of those poly-

mers. In addition, polymer-inorganic core–shell structured

materials can be applied as specific functional composites,

which have not only high mechanical strength but also excellent

physical, chemical, or biological properties.19–26 Thus, engineer-

ing core–shell structures with proper combinations of composi-

tions, such as hard components, soft components, and tough

components, would be a feasible approach to overcome the

crease-whitening of polymer materials.

Various techniques have been developed for preparing polymer

core–shell structures during last decade. These methods include

seeded emulsion polymerization,27–31 seeded dispersion poly-

merization,32 stepwise heterocoagulation method,33,34 and

emulsifier-free emulsion polymerization.35,36 Furthermore,

surface-initiated living radical polymerization37 and layer-by-

layer deposition38 have also succeeded in achieving well-defined

core–shell morphologies. Particularly, the two-stage method of

seeded emulsion polymerization is a typical method that com-

monly adopts batch and semi-batch manner in two stages.
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Furthermore, to minimize the amount of the surfactant that is

needed for reducing the particle size, a method called differen-

tial microemulsion polymerization was proposed,39 which

allowed the preparation of small particles with very a small

surfactant/monomer weight ratio.39–45

Acrylate-based polymers are widely involved in optical applica-

tions for their transparency and weather resistance.46,47

However, they exhibit poor anti-crease-whitening, and there are

very few reports to date that target overcoming the crease-

whitening problem of acrylate-based polymers. The crucial

requirement is that while achieving the anti-crease-whitening

property of a polymer material the other mechanical properties

of the polymer material should not be compromised. Thus, in

this study, we sought to prepare core–shell acrylate polymer

materials with both anti-crease-whitening property and proper

mechanical property, and poly(butyl acrylate) (PBA) and

poly(methyl methacrylate) (PMMA) based anti-crease-whitening

materials were pursued.

There have been a few research reports on the synthesis of

PBA-PMMA core–shell structures, although they were not for

the purpose of improving anti-crease-whitening. For example,

Moghbeli and Tolue48 synthesized PBA-PMMA core–shell

particles with average diameters from 100 to 170 nm via two-

stage seeded emulsion polymerization for the purpose of being

used as a modifier of particulate flow and toughening of polyvi-

nyl chloride. Udagama and Mckenna49 prepared PBA-PMMA

core–shell particles with diameters around 200 nm via seeded

emulsion polymerization for the purpose of obtaining

low-viscosity and high solid content latex products. However,

no information was provided regarding the transparency and

the anti-crease-whitening property.

In this article, not only the synthesis of the core–shell structured

PBA-PMMA was studied, but also the mechanical and anti-

crease-whitening properties were investigated.

EXPERIMENTAL

Materials

Butyl acrylate (BA) (CP grade, Sinopharm Chemical Reagent

Co., China) and methyl methacrylate (MMA) (CP grade, Sino-

pharm Chemical Reagent Co., China) were used as received.

Sodium dodecyl sulfate (SDS) (Purity� 86%, Sinopharm

Chemical Reagent Co., China) was used as the surfactant and

potassium persulfate (KPS) (AR grade, Sinopharm Chemical

Reagent Co., China) was used as the initiator. SDS, KPS, and

calcium chloride anhydrous (AR grade, purity� 96%, Sino-

pharm Chemical Reagent Co., China) were used without further

purification. Deionized water was used as reaction media in all

experiments.

Synthesis of Core–Shell Nanoparticles

Polymerizations were conducted in a 250-mL four-necked jack-

eted glass flask reactor equipped with a mechanical stirrer. Stir-

ring was kept constant at the speed of 200 rpm throughout the

reaction. The reaction system was purged with nitrogen for 30

min to remove oxygen before the reaction was initiated. SDS and

KPS were dissolved in water and the system was heated to 80�C,

and then BA was added in a differential manner39 for about 2 h.

The reaction system was then kept at 80�C for 2 h to obtain core

polymer particles. Before the shell polymerization stage, addi-

tional KPS was added into the reactor. With the temperature

maintained at 80�C, MMA was added slowly in approximately 1

h to limit the shell monomer concentration within a differential

amount in the reaction system. Afterwards, the reaction was con-

ducted for 4 h before being cooled down to room temperature.

The resultant core–shell polymers were precipitated using a sat-

urated calcium chloride solution and were separated by a vac-

uum filtration technique. The precipitate was washed three

times with deionized water to remove surfactant, initiator, and

calcium chloride. Then core–shell polymers were dried at ambi-

ent temperature in a vacuum drying oven for 24 h.

Characterization of PBA-PMMA Core–Shell Polymer

The solid content and monomer conversion were determined by

gravimetric analysis. Samples were dried in an oven at 60�C to

constant weight. The calculation methods are as follows:

Solid content5W1
�

W2
3100%

where W1 and W2 are the mass of the dry product and latex,

respectively.

Monomer conversion5 W12W3ð Þ
.

W4

3100%

where W3 is the total mass of KPS and SDS, and W4 is the total

mass of BA and MMA that were added to the reaction.

The Z-average particle size, particle size distribution, and zeta-

potential of the latex were measured by dynamic light scattering

(Malvern Zetasizer Nano ZS, UK) at 25�C.

The glass transition temperature (Tg) of dried samples was

measured by differential scanning calorimetry (DSC, TA 2000,

USA). The scanning rate applied was 10�C/min from 280�C to

180�C.

The morphology of the latex particles was obtained by trans-

mission electron microscopy (TEM, FEI Tecnai G220, USA).

The surface morphologies of the resultant polymer films were

studied using a scanning electron microscope (SEM, Hitachi

S-4700, Japan) at an accelerating voltage of 15 kV.

The polymer films were tested via ultraviolet and visible spec-

troscopy (Shimadzu UV 3150, Japan) for their transmittance.

About 2 mL of each emulsion was directly coated on a clean

glass substrate, which formed around 0.1 mm thick films at

room temperature after drying.

The dynamic mechanical analysis (DMA) experiments were

performed in a DMA Q800 analyzer in the extension mode with

temperature ramp rate of 5�C/min from 280�C to 150�C at 1 Hz.

RESULTS AND DISCUSSION

Effect of Reaction Temperature on Particle Size, Monomer

Conversion, and Solid Content

The experimental data in Figure 1 show that the core and core–

shell particle size decreased with the reaction temperature rising

from 75�C to 85�C, although the size decreasing was not
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significant from 80�C to 85�C. The possible reason is that

higher temperature resulted in an increase in the decomposition

rate of the initiator to form more free radicals. Consequently,

the polymerization rate and nucleation rate both increased,

which resulted in an increase in the particles number, and a

decrease in the particle size.

It can be seen from Figure 2 that the monomer conversion and

solid content both increased with the reaction temperature.

With an increase in the reaction temperature from 75�C to

80�C, the core–shell monomer conversion increased from 92%

to 96% and the solid content from 26% to 28%, respectively.

However, the effect of the reaction temperature on the conver-

sion and solid content was not significant between 80�C and

85�C. Therefore, combined with the effect of the temperature

on the particle size discussed above, 80�C was chosen as the

optimal reaction temperature for further detailed investigation.

Effect of Additional Initiator on Conversion and Solid

Content

Figure 3 presents the influence of adding initiator at the shell

polymerization stage on the conversion and solid content. Com-

pared with the results obtained without introducing additional

initiators at the shell polymerization stage, the conversion and

solid content was increased in the former. Therefore, adding

additional initiator at the shell polymerization stage was helpful

in promoting the completion of the shell formation. To validate

the reliability of the experiments, repeated experiments were

also conducted, and they demonstrated satisfactory repeatability,

as shown in Figure 3.

Effect of Weight Ratio of Surfactant/Total Monomer

on Particle Size

The amount of surfactant played an important role in determin-

ing the particle size in core–shell polymerization. Figure 4 shows

that the core and core–shell particle size decreased with an

increase in the weight ratio of surfactant/monomers from 7.85 3

1023 to 1.83 3 1022. When the SDS concentration in water

exceeded the critical micelle concentration, micelles and the

nucleation sites would be generated. Higher SDS concentration

allowed the creation of more micelles, yielding smaller particle

sizes. Figure 4 indicates that when the weight ratio of surfactant/

monomers was 1.83 3 1022, the core and core–shell particle sizes

were 41 nm and 52 nm, respectively. In addition, it can be seen

that the particle size gradually grew with the reaction time, and

then leveled off with the depletion of the monomers.

Zeta Potentials of Core–Shell Latex Particles

The magnitude of zeta potential gives an indication of the sta-

bility of the latex system. It is generally considered stable when

the absolute value of the zeta potential exceeds 30 mV. If the

zeta potential is a large negative or positive value, the particles

will tend to repel each other instead of flocculation or coagula-

tion. Figure 5(a) shows the effect of the surfactant amount on

the zeta potential. It can be seen that the zeta potential reached

a small magnitude of 223.3 mV when the amount of the sur-

factant was low (0.3 g SDS). Compared with the experiments

Figure 1. Particle size versus reaction time with various temperatures (Core

stage: 32 mL BA, 0.15 g KPS, 0.6 g SDS, 90 mL water; Shell stage: 10 mL

MMA, 0.05 g KPS dissolved in 10 mL of water). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Conversion and solid content versus time with various tem-

peratures (Core stage: 32 mL BA, 0.15 g KPS, 0.6 g SDS, 90 mL water;

Shell stage: 10 mL MMA, 0.05 g KPS dissolved in 10 mL of water).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Effect of additional initiator at the shell polymerization stage on

conversion and solid content (Core stage: 32 mL BA, 0.15 g KPS, 0.6 g

SDS, 90 mL water, 80�C; Shell stage: (1) 10 mL MMA, 0.05 g KPS dissolved

in 10 mL of water, 80�C. (2) 10 mL MMA, 80�C). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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conducted with higher surfactant concentrations, the experi-

ments with lower surfactant concentrations tended to have

smaller zeta potential magnitudes and higher flocculation. The

zeta potentials became large in the magnitude with the reduc-

tion of core or shell monomer amounts, as shown in Figure

5(b,c). The possible reason was that reducing the monomer

amount led to decreased particle size, which increased the spe-

cific surface area (area of per unit volume) of the particles and

allowed them to have more charges per unit weight of particles.

More charges surrounding the particle surface led to higher zeta

potentials, which also implied more stable latex.

Morphology of Particles

The TEM images in Figure 6(a,b) clearly show the well-defined

core–shell latex morphology of particles. Figure 6(b) shows that

PBA cores (the dark area) were surrounded by PMMA shells

(the light area), which confirmed that the PBA-PMMA

core–shell structures were formed via the differential

microemulsion polymerization method. The average particle

size (65 nm, particle size distribution index 5 0.074) of core–

shell latex measured by a dynamic light scattering mechanism

based particle analyzer, Malvern Zetasizer Nano-ZS ZEN 3600

[Figure 6(c)] was in good agreement with the result of TEM.

Effect of Core/Shell Monomer Ratio on Mechanical

Properties

The purpose of this work was not only to find the good reac-

tion conditions in order to synthesize the acrylate based poly-

mers with crease-whitening free properties, but also to achieve

proper mechanical strength so that the resulting crease-

whitening-free materials can be used as structure materials.

Therefore, after synthesizing the acrylate based polymers with

anti-crease-whitening, the investigation of the mechanical prop-

erties such as storage modulus (E0), loss modulus (E00), and loss

factor (tan d) follows below.

PBA-PMMA core–shell emulsions with different ratios of

core–shell polymer (BA/MMA5 26/10, 28/10, 30/10, 32/10, and

34/10 mL/mL, which was labeled as a, b, c, d, and e, respectively

in Figure 7) were directly coated on cleaned glass substrates,

and dried to form 0.10 mm thick films at room temperature.

As shown in Figure 7(a–c), for which a lower amount of the

core monomer was used, significant cracks could be observed.

However, when the core–shell monomer ratio was increased to

32/10, it formed a complete and transparent film as shown in

Figure 7(d). That is because the increase in the BA amount

resulted in the decrease in the glass transition temperature of

the material, which had a direct effect on the film forming tem-

perature. The scanning electron micrographs of the surface

morphology about the complete film is shown in Figure 8,

where a smooth surface without microvoids could be observed.

However, when too much BA was used, the resulting polymer

would lose the mechanical strength and become a soft coating

without proper mechanical strength as shown in Figure 7(e),

which was not desired. Therefore the mechanical properties

were investigated as follows.

Dynamic mechanical properties of the two core–shell polymer

film materials (BA/MMA5 32/10 and 34/10, labeled as a, b in

Figure 9) such as storage modulus (E0) and loss modulus (E00)

Figure 5. Zeta potentials of core–shell latex particles ((a) Core stage: 32 mL BA, 0.15 g KPS, 90 mL water, 80�C; Shell stage: 10 mL MMA, 0.05 g KPS

dissolved in 10 mL of water, 80�C. (b) Core stage: 0.15 g KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 10 mL MMA, 0.05 g KPS dissolved in 10 mL

of water, 80�C. (c) Core stage: 32 mL BA, 0.15 g KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 0.05 g KPS dissolved in 10 mL of water, 80�C). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Particle sizes versus time with various weight ratio of surfactant/

monomer (Core stage: 32 mL BA, 0.15 g KPS, 90 mL water, 80�C; Shell

stage: 10 mL MMA, 0.05 g KPS dissolved in 10 mL of water, 80�C).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of the core–shell polymers were measured and loss factor (tan

d) was evaluated. Storage modulus is a measure of the energy

stored in the polymer, while the loss modulus is a measure of

energy dissipated from the polymer during deformation. Storage

modulus is related to the polymer elasticity, and loss modulus

is related to its viscosity. The loss factor (tan d) is equal to E00/
E0, reflecting the viscoelasticity of the core–shell polymer. Figure

9(a) showed that “a” with BA/MMA5 32/10 demonstrated a

higher storage modulus than “b” with BA/MMA534/10 at all

the temperature region, which presented that “a” core–shell

polymer film was more like elastomers than the “b”. However,

“b” core–shell polymer presented a higher loss modulus than

“a” at 280�C to 220�C, as shown in Figure 9(b). It is obvious

that core–shell polymer material with more soft components

would reduce the rigidity. The tan d values were plotted against

Figure 6. TEM images of core–shell particles (Core stage: 32 mL BA, 0.15 g KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 10 mL MMA, 0.05 g KPS

dissolved in 10 mL of water, 80�C).

Figure 7. The images of films with different ratios of core/shell polymer

(Core stage: 0.15 g KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 10

mL MMA, 0.05 g KPS dissolved in 10 mL of water, 80�C. Core stage,

the amount of BA is (a) 24 mL; (b) 26 mL; (c) 28 mL; (d) 30 mL;

(e) 32 mL).

Figure 8. SEM morphology of film surface (Core stage: 32 mL BA, 0.15 g

KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 10 mL MMA, 0.05 g KPS

dissolved in 10 mL of water, 80�C).

Figure 9. Dynamic mechanical analysis results of the core–shell polymer (Core stage: 0.15 g KPS, 0.6 g SDS, 90 mL water, 80�C; Shell stage: 10 mL

MMA, 0.05 g KPS dissolved in 10 mL of water, 80�C). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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temperature in Figure 9(c), which shows two peaks. This

implied that the core–shell polymer had two glass transition

temperatures, one at low temperature and another at high

temperature region. Additionally, the glass transition tempera-

tures of “b” core–shell polymer were lower than “a” core–shell

polymer. It was also noticeable that the “b” maintained at a

higher tan d up to 100�C. The “b” core–shell material showed a

rubbery behavior, while “a” core–shell polymer showed a hard

and strong behavior that is required for being used as a struc-

ture materials.50 Therefore, the amount of BA should be

reduced in order to improve the mechanical properties of core–

shell material. It would show soft, weak, and tack if the soft

monomer was too much. In conclusion, the optimum core/shell

monomer ratio was 32/10 (vol/vol) in these experiments.

Anti-Crease-Whitening Effect in Films

To study the anti-crease-whitening phenomenon, the effect of

the particle size was further investigated with the optimized

core/shell monomer ratios.

A number of films were made by the resulting polymers with

various Z-average particles size (52, 62, 75, and 86 nm) in the

method same as described above and each film had a dimension

of about 60 mm 3 20 mm 3 0.1 mm. These films were

folded51 in half for five times and pressed by a weight of 100 g,

which is approximately 26.7 kg/cm2, for 24 h. The pressed films

were then unfolded and measured via ultraviolet and visible

spectrophotometer for their transmittance in the range of

400–800 nm before and after creasing. The results are shown in

Figure 10. Figure 10(a) revealed that the films made with

smaller particles had better transparency, and the minimum

value of transparency increased from 86% to 93% when the

particle size decreased from 86 to 52 nm. After creasing, as

shown in Figure 10(b), the values of transparency showed negli-

gible changes. As shown in Figure 10(c–f), the change in trans-

mittance before and after creasing became smaller when the

particle size was reduced. It means that film whitening phenom-

enon was insignificant. Thus it can be concluded that crease-

whitening of films could be prevented by controlling the particle

size and compositions.

CONCLUSIONS

PBA-PMMA core–shell nanoparticles were synthesized via differen-

tial emulsion polymerization with water-soluble initiator KPS and

anionic surfactant SDS. Increasing the surfactant amount and rais-

ing the reaction temperature led to smaller particle sizes. The con-

version and solid content were increased by raising the reaction

Figure 10. The transparency of films (a: the transparency of films with different particles size. b: the transparency of films after creasing. c–f: the trans-

parency of each film before and after creasing). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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temperature. The resulting polymer films showed significantly

improved anti-crease-whitening property with good mechanical

properties when the BA/MMA monomer ratio for the core/shell

structure was 32/10 (BA/MMA, vol/vol). The smaller the particle

size the better the visible light transmittance.
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