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ABSTRACT: The effect of the number and size of polystyrene particles and the concentration of ammonium persulfate used as the ini-

tiator on the micellar crosslinking polymerization of acrylic acid was studied by real-time monitoring of the storage modulus (G 0),

the damping factor (tand), and the ratio of the complex modulus (G*) to the maximum G* (G*max) during 1 h of polymerization.

The molar ratio (5.83 3 1024) of N,N0-methylenebis-acrylamide to acrylic acid was fixed. Polystyrene particles were prepared by

emulsifier-free emulsion polymerization. The diameter of the particles ranged from 233 to 696 nm. The results show that crosslinking

polymerization was most effective when 1.31 3 1012 particles were incorporated into the system, while crosslinking polymerization

was less effective in the particle-filled system than in the unfilled polymerization system if the particle number was 50% lower or

higher. Crosslinking was also more effective with the use of uncrosslinked firmer and larger particles at the fixed particle number,

except for the anomalous behavior observed with 696 nm polystyrene particles. Increasing the feed concentration of the initiator

resulted in more efficient crosslinking up to a limiting concentration of 0.765 mg mL21 (the molar ratio of initiator to monomer

was 8.52 3 1024). When this initiator concentration was doubled, the rate of increase of G 0 in the deceleration phase was slower

after the network was formed. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42851.
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INTRODUCTION

Rubber commercially used as an elastomeric material is treated

with multiple additives to offset its inherent limitations. Hydro-

gels have mechanical properties that are similar to those of a

highly swollen elastomer. Recently, several types of fillers have

been incorporated into the hydrogels to effectively introduce

functionality and to enhance the mechanical properties at the

highly water-swollen status, leading to the development of sys-

tems such as a grapheme-oxide-filled polyacrylamide hydrogel

crosslinked by sodium alginate,1 a nanocomposite hydrogel

composed of graphene oxide, polyacrylamide, and carboxyme-

thylmethyl cellulose sodium,2 as well as bio-inspired nanocom-

posite hydrogels with chitosan or glucose.3–7

Thus, to optimize filled hydrogel systems for purpose-built

applications, the properties of the filler, bonding of the filler

and hydrogel, and the conditions for crosslinking polymeriza-

tion should be investigated. The key parameters for maximizing

the effect of the filler in mechanically enhanced filled hydrogels

are the number of bonds and the strength of bonding between

the backbone chain of the hydrogel and the filler surface. These

parameters influence the shear properties such as the storage

modulus (G 0), complex modulus (G*), and the damping factor

(tand) during the crosslinking polymerization.

Incorporation of a filler into the crosslinking system does not

always lead to enhanced mechanical properties. The reaction

rate has been used as an indicator of the effectiveness of cross-

linking in several systems. The reaction rate either increased or

decreased in the case of CaCO3-filled polyester,8,9 decreased in

the case of carbon black-filled epoxy,10 increased, decreased, or

remained the same in the case of SiO2-filled epoxy,11–13 and

increased or remained the same in the case of fiber glass-filled

polyester11 when compared to the unfilled congeners. However,

the common feature in the aforementioned systems is that

bonding between the filler and matrix was achieved by physical

interactions such as hydrogen bonding or dipole–dipole attrac-

tion. It is difficult to induce the formation of covalent bonds

(which are an order of magnitude stronger than physical bonds)

between the filler and matrix. Thus, polystyrene, which is a

low-density organic filler with relatively easily manipulated
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properties,14 has been used as an emulsion comprising the

styrene monomer in the particle phase, and expected to be

alternatives to conventional fillers as the reaction media for

crosslinking polymerization.

The rigidity of polystyrene is intimately related to the dispersity

in solution during the crosslinking polymerization. Radicals

from the crosslinked molecules can react with styrene mono-

mers on the surface of the particles. In the case of polystyrene

crosslinked using divinyl benzene, it would be more difficult for

the radicals to penetrate deeply into the particle. The dispersity

of polystyrene particles in suspension generally improves as the

amount of divinyl benzene is reduced.15 Thus, uncrosslinked

polystyrene particles would be optimal for preventing coagula-

tion between the particles during crosslinking polymerization.

The size effect exerted by polystyrene particles on the mechani-

cal properties of the polymer matrix is significant. At a fixed

polystyrene loading, the total surface area of particles increases

as the particle size decreases. Accordingly, the probability of

bonding between polystyrene and the matrix increases as the

particle size decreases. The time required for gelation during

crosslinking polymerization is dependent on the particle size of

polystyrene. Cai and Salovey16 monitored the gelation time for

a polystyrene-polysulfide (8000 g mol21) system. The gelation

time was 5.5 h for the pure matrix, over 2 h, 1.4 h, and 13 min

for the respective matrices filled with 1250, 688, and 315 nm

particles (in diameter). The final moduli of the systems in-

creased as the gelation time decreased.

The particle size of polystyrene prepared by conventional emul-

sion polymerization is about 50 nm in diameter.17 Despite the

small size, there are several associated shortcomings. For exam-

ple, removal of the surfactant used in the emulsion polymeriza-

tion is not only difficult, but also results in coagulation,18 and

complete removal of the surfactant is debatable.19,20 If the con-

centration of the surfactant is low, some coagulation occurs and

the particle size distribution would be broader. If the concentra-

tion of the surfactant is excessively high, many empty micelles

would remain after the polymerization process. In this case, it

becomes difficult to isolate the effect of the particles only on

the crosslinking polymerization.

Particles prepared via emulsifier-free emulsion polymerization

(EFEP) with low solid contents (ca. 10%) have been stabilized

by sulfate groups on the surface.21–23 The size of polystyrene

particles can be kinetically controlled in a reproducible manner

to generate mono-disperse particles,24 where the surface is not

contaminated by the surfactant; however, the size of the result-

ant particles may be larger than those generated by emulsion

polymerization.25 After nucleation, the particles generated by

EFEP range from 10 to 24 nm,26 whereas those from emulsion

polymerization range from 5 to 10 nm.17 In EFEP, oligomeric

polystyrene radicals produced by the polymerization of hydro-

phobic styrene with the decomposed water-soluble potassium

persulfate initiator act as the surfactant.

In addition to evaluating the preparation of polystyrene par-

ticles for use as a filler, chemical incorporation of the filler into

the hydrogel during crosslinking polymerization should also be

investigated. If polystyrene particles prepared by EFEP are used

as the filler, the crosslinking polymerization process would be

termed “micellar crosslinking polymerization”. It is hypothe-

sized that in this process, radicals of hydrophilic oligomers poly-

merize with hydrophobic monomers on the particle surface.

Abdurrahmanoglu et al.27 reported the crosslinking polymeriza-

tion of acrylamide with methylenebis-acrylamide (MBAAm) in

the presence of hydrophobes (N-butyl-, N-hexyl-, N-octyl-, or

N,N0-dihexyl-acrylamide with sodium dodecyl sulfate). The loss

modulus of the resulting hardened hydrogels increased remark-

ably compared to that of the pure acrylamide hydrogel. Hill

et al.28 compared free-radical linear copolymerization in micel-

lar, homogeneous, and heterogeneous processes using acrylam-

ide and ethylphenyacrylamide as the hydrophobic comonomer.

In the micellar process, they confirmed that sequential hydro-

phobe blocks were successfully formed between the polyacryl-

amide chains. The viscosity of the copolymer generated in each

process was different, i.e., slightly over 10,000 cp in micellar

polymerization, over 1000 cp in heterogeneous polymerization,

and over 100 cp in homogeneous polymerization. In the micel-

lar system, the hydrophobe was solubilized in the micelle, which

was amphiphilic before the polymerization. Homogeneous poly-

merization progressed with the use of a co-solvent that could

solubilize both monomers. In the heterogeneous polymerization,

the solvent selectively solubilized one monomer but did not dis-

solve the comonomer.

Herein, we conducted EFEP of styrene to produce uncrosslinked

particles. Even though the size range of the particles exceeds

200 nm, this system is adequate for clarifying the effect of poly-

styrene particles (as fillers) on crosslinking of the hydrophilic

monomer. The size of the polystyrene particles was monitored

by scanning electron microscopy (SEM) at different conversion

ratios. Acrylic acid was used as a monomer for crosslinking

polymerization with MBAAm. The number and size of incorpo-

rated polystyrene particles were varied to monitor the effect of

these parameters on the rate of crosslinking polymerization.

Furthermore, the effect of the concentration of ammonium per-

sulfate (APS) as an initiator was investigated, where the concen-

tration of APS influences the growing radicals in the filled

crosslinking system. Crosslinking polymerization with 1.31 3

1012 polystyrene particles was also performed at different fre-

quencies, i.e., 0.1, 0.5, 1.0, and 10 Hz.

EXPERIMENTAL

Materials

Styrene (purity >90%, inhibited with stabilizer, J. T. Baker

Chemical Co.) was used after removing the stabilizer by wash-

ing with an alkaline solution. Styrene was washed with 10 wt %

NaOH dissolved distilled deionized water three times. Potassium

persulfate (purity >99%, Aldrich Chemical Co.), sodium hy-

droxide (NaOH, Mallinckrodt Baker), acrylic acid (anhydrous;

99%, Aldrich Chemical Co.), MBAAm (99%, Aldrich Chemical

Co.), and APS (981%, A.C.S. reagent, Sigma-Aldrich) were

used as received.

EFEP of Styrene

EFEP of styrene was carried out in a 1000 mL kettle with four

necks. Prior to polymerization, the reactor was immersed in a
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thermostatic water bath. A water-cooled condenser was con-

nected to the reactor and nitrogen was bubbled continuously

into the water to remove oxygen while stirring with a one inch

paddle at 300 rpm. The reactor containing 700 mL of water was

heated to 808C. Pre-washed styrene (70 mL) was added and

equilibrated for 20 min with stirring at 300 rpm. After equili-

bration, potassium persulfate initiator (0.64 g) was added. Poly-

merization was conducted at a constant temperature for 5 h.

Samples were withdrawn from the reactor at constant time

intervals to measure the conversion rate. Each sample was fil-

tered to remove coagulates, kept frozen at 2158C overnight,

and melted at room temperature. After melting, the latex sepa-

rated into two phases. The polystyrene beads settled to the bot-

tom of beaker. The beads were washed with deionized distilled

water and methanol, and dried at room temperature for 2 days

in a ventilated hood to remove the unreacted monomer and

then dried in a vacuum oven at 508C for 3 days. SEM images of

these samples were acquired with a JSM-7001F-LV analytical

field emission scanning electron microscope.

Gravimetric Conversion Rate Measurement

Samples for conversion rate measurement were collected at vari-

ous polymerization time intervals and dropped into 100 mL

pre-labeled and pre-weighed beakers. Each beaker was weighed

before and after adding the liquid and after drying. Samples

were further dried if constant weight was not observed. Gravi-

metric conversion rate measurements were performed with the

assumption that the monomer and polymer were uniformly dis-

persed in the dispersion system.

Xc5
W22W0ð Þ2 W12W0ð Þ3Cinitiator

W12W0ð Þ3Cmonomer

5
Wp

Wm

: (1)

In eq. (1), Xc is the conversion rate, W0 indicates the weight of

the empty beaker, W1 is the weight of the beaker after adding

the initial sample solution, and W2 is the weight of beaker after

drying. Cinitiator and Cmonomer were determined by the weight

ratio of the corresponding reactants (initiator 0.64 g and mono-

mer 74.2 g which was from 70 mL 3 1.06 g mL21) to the total

weight of charge into the reactor (74.84 g). Wp is the weight of

the polymer and Wm is the initial weight of added monomer.

Crosslinking Polymerization of Acrylic Acid with Polystyrene

Beads in the Rheometer

Hydrogels were prepared by micellar crosslinking free-radical

polymerization. The initial solution consisted of acrylic acid as

a monomer, MBAAm, and deionized distilled water. The molar

ratio of MBAAm to acrylic acid was kept constant at 0.583 3

1023. The solid wt % was fixed to about 23% to reduce the

cyclization reaction during gelation.

Measurements of the rheological properties were performed

during gelation for 60 min in the time sweep mode in a

double-gap cylindrical geometry (DG27, MCR 301, Physica,

Anton Paar). The gap between the bottom of cylinder and the

bottom of reactor was maintained at 2 mm. The shear strain

(amplitude gamma) was 1% and the frequency was 1 Hz (fre-

quency sweep measurements were conducted at 0.1, 0.5, 1.0,

and 10 Hz). The temperature, which was fixed at 608C, was

controlled by a water bath controller (Julobo, F25). The amount

of initial gel solution with each corresponding polystyrene

emulsion poured into the DG27 cell was 7 mL. After reaching a

temperature of 608C, 1 mL of the initiator solution was added.

The concentration ratios of each reactant are presented in

Table I. The time gap between addition of the initiator solution

and the starting time of the measurement was 15 s. A total of

30 points were scanned with a time interval of 2 min between

each point. This measurement was conducted as a function

of the number particle (Np), the size of the polystyrene par-

ticles (Dp), the concentration of APS, and frequency. The

Table I. Conditions for the Micellar Crosslinking Polymerization of Acrylic Acid

Codea AAc (mL) MBAAm (mg) PS Emulsion (mL)b Np (31012/mL) Dp (nm) APS (mg) Frequency (Hz)

N00D4 2.16 2.83 0 0 0 6.12 1

N05D4 2.16 2.83 0.5 0.65 233 6.12 1

N10D4 2.16 2.83 1 1.31 233 6.12 1

N15D4 2.16 2.83 1.5 1.96 233 6.12 1

N40D4 2.16 2.83 4 5.24 233 6.12 1

N10D8 2.16 2.83 1.12 1.31 333 6.12 1

N10D20 2.16 2.83 2.09 1.31 590 6.12 1

N10D24 2.16 2.83 2.76 1.31 696 6.12 1

N10D4A0154 2.16 2.83 1 1.31 233 1.54 1

N10D4A1224 2.16 2.83 1 1.31 233 12.24 1

N10D4F0.1 2.16 2.83 1 1.31 233 6.12 0.1

N10D4F0.5 2.16 2.83 1 1.31 233 6.12 0.5

N10D4F10.0 2.16 2.83 1 1.31 233 6.12 10

a N: Np of polystyrene, e.g., N10 is 1.31 3 1012/mL, D: Dp of polystyrene, e.g., D4 is 233 nm, A: the concentration of APS, e.g., A0154 is 1.54 mg of
APS, and F: value of frequency. Criteria sample is N10D4, which omitted the terms of A0612 and F1.0 for the variations of concentration of initiator
and frequency, respectively.
b PS Emulsion is polystyrene emulsion prepared by EFEP.
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polymerization and gel structure were schematically illustrated

in Figure 1. Polystyrene emulsion used as the solvent at corre-

sponding conversion was taken out of the middle of the reactor

without stirring, and thus supernatant styrene monomer was

not included in the solvent. Therefore, styrene monomer only

exists on the particle phase, except the dissolved styrene in

water. Competitive reaction between acrylic acid oligomer and

styrene monomer on the aqueous phase would be rarely

happened.

RESULTS AND DISCUSSION

EFEP of Styrene

Dp of polystyrene was kinetically controlled in the EFEP pro-

cess; Dp ranged from 233 nm at 9% conversion to 690 nm at

84% conversion. To prepare these particles, the polymerization

rate (Rp) at each time interval versus conversion of the mono-

mer was first plotted as shown in Figure 2. Rp was about

3.7 3 1028 mol s21 mL21 at 9% conversion and 5.9 3

1028 mol s21 mL21 at 84% conversion. Rp increased signifi-

cantly at the beginning of the reaction and then leveled off as

the nucleation period ended. Rp decreased above 84% conver-

sion. Rp could be calculated using eq. (2).

Rp5 M½ �0
dXc

dt
(2)

where [M]0 is the feed concentration of the monomer, Xc is the

conversion ratio, and t is the polymerization time (in seconds).

Np was determined using eq. (3).

Dp5
6 ½M �0Xc

p dpNp

� �1=3

(3)

where dp is the density of polystyrene (1.05 g/cm3).29 Equation

(3) could be derived from the balance equation: ([gram of

monomer]/[density of monomer]) 3 conversion 5 (density of

particle) 3 (number of particles). The density of styrene is

about 0.91 g/cm3.29

Polymerization parameters (Rp, Np, and Dp) for EFEP versus

conventional emulsion polymerization are orders of magnitude

different. This is from the difference in formation of the

micelles and the polymerization behavior.

In conventional emulsion polymerization of styrene, surfactant

molecules, such as sodium dodecyl sulfate, are added to the

solution at concentrations over the critical micelle concentration

to generate micelles as the reaction loci. The number of micelles

ranges from 1014 to 1015 per mL.30 When the radical formed in

the aqueous phase diffuses into the micelle, that micelle

becomes the particle. As the particle propagates, it becomes

unstable and takes more surfactant molecules from other

micelles. Thus, during polymerization, styrene monomers that

lose surfactant molecules are phase separated and form a super-

natant monomer layer if agitation is discontinued.17

In the case of EFEP, the general route for particle formation is

similar to that of emulsion polymerization. However, two points

in the nucleation and propagation are different. The first is the

mode of formation of the micelle. Surfactant molecules are not

added in EFEP. Instead, the monomer molecule itself becomes a

part of the surfactant. Styrene is hydrophobic and is minimally

solubilized in the aqueous phase. The aqueous solubility of sty-

rene is 1025g mL21 of water.29 The solubilized styrene mole-

cules can react with radicals from the decomposed initiator and

propagate in the aqueous phase. As the oligomeric radical prop-

agates, the polystyrene portion becomes more hydrophobic,

with ASO2
4 located at the opposite side of the radical in a

chain. When the chain reaches a critical length during propaga-

tion, it is precipitated and forms micelles with other

Figure 2. Reaction rate (mol/s/mL, filled circle) and conversion rate of

emulsifier-free emulsion polymerization of styrene.

Figure 1. Schematic illustration of micellar crosslinking polymerization of acrylic acid filled with polystyrene particles. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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precipitated oligomeric radicals. When these micelles are

formed, the termination reaction occurs. Goodall et al.25 meas-

ured the molecular weight of polystyrene by gel permeation

chromatography. They showed that the amount of polystyrene

(for which the molecular weight was about 1000 g mol21)

remained constant throughout the course of polymerization

(though the fraction of these molecules decreased as polymer-

ization progressed) and concluded that the molecular weight of

the precipitated oligomeric radical was about 500 g mol21; after

the nucleation period, micelles were not formed—monomers

were consumed by particle propagation. The maximum number

average molecular weight was reported to be about

106 g mol21.

The critical chain length depends on the hydrophobicity of the

monomer. The critical chain length for precipitation of oligo-

meric radicals to form the micelle is known to be 5–7 for sty-

rene31,32 (this value would be 4 if the molecular weight of the

precipitated oligomeric radical is 500 g mol21); for the more

hydrophilic methyl methacrylate, the critical chain length is

50.33 Thus, in EFEP, the micelle number is smaller and the

micelle size is bigger than in conventional emulsion polymeriza-

tion. In EFEP of styrene, Np (the micelle in EFEP consists of

polystyrene radicals) is initially about 5 3 1012/mL, and this

value is reduced to 1011 to 1012/mL.25 In Figure 3, Np (/mL)

ranged from 1.31 3 1012 to 4.75 3 1011.

The second difference between EFEP and emulsion polymeriza-

tion is found in the particle growth. In emulsion polymeriza-

tion, to maintain the stability of the particles during

propagation in the aqueous phase, the particles extract surfac-

tant molecules from other empty micelles because the number

of micelles is orders of magnitude higher than the number of

particles.34 However, in EFEP, particles undergoing propagation

become coagulated to maintain their stability in the aqueous

phase since the ionic groups are only generated by decomposi-

tion of the initiator. Coagulation would thus be related to the

rate of radical termination in the aqueous phase, radical capture

by the particle, and propagation of the particle. In EFEP, radical

termination is significant in the beginning polymerization, but

once the nucleation period ends (i.e., when the terminated oli-

gomeric radicals aggregate and form the micelle), the rate of

radical capture by the particles is faster than the termination

rate. As the particles are propagated, the rate of propagation

becomes faster than the rate of radical capture. In EFEP, the

polymerization rate is proportional to the particle size.25 Thus,

the propagating particles should undergo coagulation to stabi-

lize the number of —SO2
4 groups on the surface, and Rp con-

tinues to increase until 84% monomer conversion is achieved.

Coagulation between propagating particles does not generate

stabilized particles because the ratio of the total surface area to

the number of —SO2
4 groups on the surface would remain the

same after coagulation. Instead, coagulation between the propa-

gating particles and the stabilized (no propagation and contain-

ing no radicals) particles would result in stabilized particles.

Thus, in EFEP, coagulation progresses throughout the entire

course of polymerization (Figure 3). Therefore, based on these

two main aforementioned features in the EFEP of styrene, large

micelles composed of pure polystyrene surfactants and coagula-

tion due to the lack of stability in the aqueous phase results in

a continuous reduction of Np and a rapid increase of Dp.

The particle size as a function of conversion is shown in Figure

4. At 40 min of polymerization (Xc 5 9%), the average particle

size was 233 nm; the particles erupted due to discharge of vola-

tile materials contained in them when exposed to the vacuum

and mounted on the grid of the electron microscope. The hole

size decreased as polymerization progressed, and no hole was

observed at 200 min of polymerization (Xc 5 68%). The forma-

tion of hemi-spherical particles and holes on the particle surface

arises due to “softness”. It was reported that this phenomenon

is only observed in the beginning of EFEP of styrene. These

anomalous particles have never been observed in EFEP of

hydrophilic monomers such as ethyl acrylate, vinyl acetate, and

butyl acrylate.35

Micellar Crosslinking Polymerization of Acrylic Acid

as a Function of Polystyrene Loading Level

To chemically incorporate polystyrene particles into the poly

(acrylic acid) (PAAc) network, copolymerization between these

two different types of polymers must be achieved. In addition

to the assumption that precipitated (phase separated) cross-

linked PAAc chains can react with polystyrene particles, whether

linear or branched PAAc chains react with polystyrene before

the infinite molecule is formed should be clarified. Several

studies27,28,37–43 reported copolymerization between hydrophobe

molecules in the micelles and that the formation of hydrophilic

oligomeric radicals was possible.

Dowling and Thomas39 prepared acrylamide and styrene block

copolymers by micellar polymerization. In their study, the

hydrophobe was composed of 14–30 styrene molecules, as deter-

mined by Poisson fluorescence quenching kinetics. Peer44

reported the copolymerization of lauryl methacrylate (>1 mol

%) and acrylamide with a mixed surfactant consisting of

sodium dodecyl sulfate and dodecyl penta(oxyethylene glycol)

monoether. In this copolymerization, the sequence length of

lauryl methacrylate in the copolymer increased as the feed con-

centration of acrylamide increased. Candau et al.45 reported

that acrylamide and sodium acrylate co-existed at the palisade

layer of the micelle, and these species could be copolymerized

by microemulsion polymerization. They38 also reported that the

Figure 3. Np and Dp of polystyrene particle as a function of conversion

rate in emulsifier-free emulsion polymerization of styrene.
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feed composition of the hydrophobe was the same in the copol-

ymer prepared by linear micellar copolymerization.

Similarly, micellar crosslinking copolymerization between poly-

styrene particles and PAAc with MBAAm was possible in the pres-

ent system. The induction period varied as a function of the

polystyrene emulsion loading level [Figure 5(a)]. The induction

period for pure PAAc crosslinking polymerization was 3 min.

However, induction was delayed as the polystyrene particles were

incorporated. In the case of N05D4, which included 0.5 mL of

polystyrene emulsion (6.50 3 1011 particles) as shown in Table I,

the induction period was 4 min. Induction periods of 6, 10, and

12 min were, respectively, required for N10D4, N15D4, and

N20D4. The delayed gelation time was generally proportional to

the loading level of polystyrene particles.

In the process of forming the network, trifunctional molecules

composed of PAAc radicals and more than two pendant

(MBAAm) molecules are generated; the infinite molecule is

formed by bridging of these molecules with each other.46 When

the infinite molecule is formed, G 0 increases significantly and

gelation is observed (water soluble molecules are precipitated).

During the induction period, PAAc radicals would be consumed

by the particles that are propagated after reaction with styrene

monomers on the particles; encapsulated radicals rarely exit the

large particle (>200 nm). Thus, despite the high Np, it could be

more difficult to form the infinite molecule.

After the induction period, the infinite molecule was propagated

with separated branched molecules. This propagation was also

interrupted by polystyrene particles. Upon addition of 4 mL of

polystyrene emulsion (Np 5 5.24 3 1012), the slope of the time

versus G 0 plot decreased from 10.7 to 3.6 [Figure 5(b)]. How-

ever, in the deceleration period [Figure 5(c)], G 0 of N40D4

increased remarkably. After formation of the network, unreacted

radicals of trapped branched molecules or of the infinite mole-

cule should react; instead, their reaction rate was slowed due to

immobilization.47 Thus, it could be inferred that the rate of the

reaction between the radicals increased as more particles includ-

ing styrene were incorporated.

As shown in Figure 5, the G 0 value of N10D4 (Np 5 1.31 3

1012) increased remarkably compared to that of the other sam-

ples. This might be attributed to competition between two pos-

sible opposite effects induced by incorporation of the

polystyrene particles. First, the viscosity of the solution would

increase. Styrene monomers dissolved in the reaction media

could react with the PAAc chains, thereby increasing the com-

patibility between the particles and PAAc. The increased viscos-

ity of the liquid surrounding the polystyrene particles would

decrease the mobility of the PAAc chain and decrease the rate

of termination between PAAc radicals because the termination

reaction is controlled by diffusion. Kubuta9 compared the cur-

ing rate of mono-chlorostyrene, tert-butylstyrene, styrene, and

vinyltoluene with an inert thermoplastic additive. In that study,

the viscosity of the styrene solution changed from 300 to

2000 cp upon addition of 9.8% cellulose acetate butyrate. It was

concluded that the increased viscosity reduced the termination

reaction and promoted the curing rate. However, as the second

opposite effect, it was suggested that the amount of sty-

rene to be cured would decrease as styrene is absorbed or

occluded in the aggregates when the additive precipitates. This

would decrease the final conversion of styrene, as observed in

Figure 5(a).

If the amount of acrylic acid available during crosslinking poly-

merization is reduced, the mesh size of the hydrogel would also

decrease. Thus, G 0 would increase. However, the rate of cross-

linking decreased for all filled samples, despite the fact that two

positive effects (an increase of the viscosity and a decrease of

the mesh size) were possible. This could be attributed to the

large size of the branched molecules. The size of the branched

molecule may be reduced as the concentration of the crosslink-

ing agent is increased.46,48 More compact branched molecules

may result in a faster crosslinking rate.46 If polystyrene particles

are incorporated into these branched molecules, the size of

Figure 4. SEM pictures of polystyrene particle prepared at (a) 40 min (Xc 5 0.09, 233 nm), (b) 80 min (Xc 5 0.23, 333 nm), (c) 120 min (Xc 5 0.36,

450 nm), (d) 160 min (Xc 5 0.48, 536 nm), (e) 200 min (Xc 5 0.68, 590 nm), (f) 240 min (Xc 5 0.84, 696 nm), (g) 270 min (Xc 5 0.84, 693 nm),

and (h) 300 min (Xc 5 0.84, 691 nm). Particle size distribution was below 1.10.
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branched molecules will increase significantly and the crosslink-

ing rate will decrease. In this case, the crosslinking rate and

G 0max should decrease as the polystyrene particles are incorpo-

rated. However, as mentioned previously, G 0max of N10D4 was

much higher than that of N00D4.

Presumably, there is an optimal ratio between the surface area

of the particles and the concentration of radicals in the solution

at a fixed ratio of acrylic acid to MBAAm (in the latter part of

initiation, G 0max decreased as the concentration of the initiator

decreased). The number of radicals generated in the solution

(Table I) was 4.04 3 1018/mL, and the Np of N10D4 was

1.31 3 1012/mL; the ratio of radicals to Np was 3.08 3 106. In

this case, the average number of radicals per unit area (nm2) of

particles is 18.03 (this is equal to 5.54 3 1022 nm2/radical) if

all the radicals enter into the particles. This ratio of bonding

sites per nm2 of filler surface is two orders of magnitude higher

than the ratio reported by Edwards.49 In that study of the ter-

minally brominated liquid polybutadiene matrix system, the

optimal bonding site per nm2 of filler surface ratio for achieving

the strongest bonding in vulcanizates was 0.2. At a ratio of 0.82

bonding sites per nm2, the tensile strength and elongation at

break were reduced. Therefore, if this ratio of 0.2 is applied to

the present system, about 1.1% of the total radicals enter into

the particles. This low fraction is attributed to the fact that

most radicals are from the immobilized network chain, or may

be due to the difference in the chemicals, crosslinking route,

and filler types. Further study would be required to clarify the

relationship between Np, the number of radicals, and the con-

centrations of MBAAm and acrylic acid to achieve the strongest

bonding between the surface of the particles and the radicals.

As shown in Figure 6, the value of tand increased as Np increased

(Figure 6). In other words, G 00 (the viscous modulus; as the

energy dissipation term to G 0) was relatively higher when com-

pared to the case of the unfilled sample (N00D4). It is thus

inferred that physical interaction (or crosslinking) between the

particles and PAAc was induced, and the ratio of the viscosity to

storage property increased.27 This physical crosslinking and the

larger surface of the particles (proportional to Np) are believed to

interrupt chemical crosslinking. The rate of entry of radicals into

the particle is proportional to the total surface area of the par-

ticles.28 This rate of entry into the particle would increase as Np

increased, thereby delaying gelation. The G*/G*max value of each

sample indicates the rate of crosslinking (Figure 7).

Micellar Crosslinking Polymerization of Acrylic Acid

as a Function of Particle Size

To evaluate the effect of the particle size on the crosslinking

efficiency, Np was fixed to 1.31 3 1012/mL and G 0, tand, and

G*/G*max were monitored during the polymerization. The

respective particle sizes of N10D4, N10D8, N10D20, and

Figure 5. (a) G 0 during the micellar crosslinking polymerization of acrylic

acid (Np 5 0 to 5.24 3 1012/mL), (b) slopes at propagation period

dependent on Np, and (c) slopes at deceleration period dependent on Np.

Figure 6. Dependence of damping factors on the Np of polystyrene during

the micellar crosslinking polymerization of acrylic acid.
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N10D24 were 233, 333, 590, and 690 nm. The induction period

decreased, and the rate of network formation in the propagation

period and the rate of radical capture in the deceleration period

generally increased with increasing particle size (Figure 8). This

was reversed in a view of the most efficient crosslinking to the

surface area of particles, against at the previous part of cross-

linking rate and the number of particles. It could not be final-

ized clearly, but we thought that the most optimized total

surface area of particles for the most efficient crosslinking was

more closed by in N10D20 sample.

Generally, two exceptions to this behavior, which G 0 increased

faster as the particle size was bigger, were observed—(1) the

rate of reaction did not follow this size dependence in the case

of N10D4 and (2) the rate of radical capture in the deceleration

period was significantly lower in the case of N10D24 compared

to the others.

The exception in the case of N10D4 is attributed to the particle

“softness”. The dispersity of soft particles is better than that of

rigid particles. For softer particles, the surface is rougher and

the porosity is higher.50 Thus, more PAAc chains would react

with the soft particles. This softness could cause a reduction of

the induction period. As shown in Figure 8(a), the induction

period was longer for N10D4 compared to the other samples,

but G 0 increased at a similar point as observed for N10D20.

However, this exception did not correspond to the propagation

and deceleration periods.

The second exception is the low slope for N10D24 in the decel-

eration period. The slope was 0.55, which is much lower than

the values of 0.83 for N10D20 and N10D8, and 0.76 for

N10D4. The distance between particles would decrease and the

probability for the attractive hydrophobic interaction would be

higher for larger particles. In this measurement, coagulation

would be more significant for the 696 nm particles, resulting in

a decrease of the total surface area of the particles.

Tand also increases for larger particles. Increasing the total sur-

face area of the particles results in an increase of the ratio of

viscosity to G 0. In the case of the poly(acrylamide) network

filled with N-octylacrylamide as a hydrophobe, increasing the

number of hydrophobes from 9 to 30 induced an increase in

the elongation ratio at break from 125% to 250%.27 Candau

and colleagues28,37,43 evaluated the effect of dilution of poly

(acrylamide) solution with dihexylacrylamide as a hydrophobe

on the hydrophobic interaction between the hydrophobes by

varying the number and size of hydrophobes in the micellar

polymerization system. In their report, the zero-shear viscosity

was dependent on the number and size of hydrophobes in the

unentangled semi-dilute region, and was independent of the

Figure 8. (a) G 0 during the micellar crosslinking polymerization of acrylic

acid [Dp (nm) 5 233 to 696], (b) slopes at propagation period dependent

on Dp, and (c) slopes at deceleration period dependent on Dp.

Figure 7. G*/G*max plot as a function of Np of polystyrene during the

micellar crosslinking polymerization.
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number and size of hydrophobes in the entangled region, but

dependent on the biquadrate of the polymer concentration.

Herein, the size of the polystyrene particles was found to affect

the shear properties; notably, tand increased as the size of the

polystyrene particles increased (Figure 9). It was proposed that

the physical interaction between the particles and the PAAc,

which included a small fraction of styrene in the chain, could

increase the ratio of G 00 to G 0.27

The behavior of G 0 and tand in the induction period and the

slopes of the curves for each sample in the propagation and

deceleration periods could be confirmed from the data in Figure

10, which shows the rate of crosslinking polymerization of

acrylic acid filled with polystyrene particles.

Micellar Crosslinking Polymerization of Acrylic Acid as a

Function of APS Concentration

The influence of the concentration of APS (as an initiator) on

the efficiency of crosslinking was investigated. The induction

period was shorter when higher concentrations of APS were

used [Figure 11(a)]. During the propagation period [Figure

11(b)], the slope of time versus G 0 was proportional to the con-

centration of APS, i.e., 8.19, 7.99, and 6.10 for 12.24, 6.12, and

1.54 mg of APS, respectively. However, this order did not

correspond to the deceleration period [Figure 11(c)]. The steep-

ness of the slope ranked in the order: N10D4A0612 >

N10D4A1224 > N10D4A0154. This is attributed to the most

effective bondings per unit area of particles as mentioned

previously.

The tand values were higher as the concentration of APS was

lower (Figure 12). The rate of the crosslinking polymerization

Figure 10. G*/G*max plot as a function of Dp of polystyrene during the

micellar crosslinking polymerization.

Figure 11. (a) G 0 during the micellar crosslinking polymerization of

acrylic acid (APS (mg) 5 0.154–12.24), (b) slopes at propagation period

dependent on [APS], and (c) slopes at deceleration period dependent on

[APS].

Figure 9. Dependence of damping factors on the Dp of polystyrene during

the micellar crosslinking polymerization of acrylic acid.
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was slightly affected by the APS concentration (Figure 13), but

was still faster at high APS concentration.

In the free-radical crosslinking polymerization, the molar ratio

of the monomer to the crosslinking agent is important for

determining the mesh size of the hydrogel. The MBAAm mole-

cules contribute to imparting functionality to the molecules,

especially trifunctional molecules.46 The main role of MBAAm

in crosslinking is to induce the formation of junctions in the

linear PAAc chain. Thus, increasing the concentration of

MBAAm reduces the size of the branched molecules prior to

completion of gelation, which results in faster crosslinking

polymerization.

In the formation of trifunctional molecules, the length of the

linear PAAc chain can be determined by the ratio of [AAc] and

the molar concentration of APS.51 Thus, even if the MBAAm

concentration is high, the size of the branched molecule

becomes larger if the concentration of APS is much lower. This

Figure 12. Dependence of damping factors on the concentration of APS

of polystyrene during the micellar crosslinking polymerization of acrylic

acid.

Figure 13. G*/G*max plot as a function of the concentration of APS dur-

ing the micellar crosslinking polymerization of N10D4.

Figure 14. Dependence of G 0, G 00, damping factor, and G*/G*max on the frequency, 0.1, 0.5, 1.0, and 10.0 Hz during the micellar crosslinking polymer-

ization of N10D4.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4285142851 (10 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


results in a low crosslinking polymerization rate, and highlights

the effect of low (MBAAm).

During crosslinking polymerization in the system filled with

polystyrene particles, a lower concentration of APS results in a

decrease in the average number of bonds per unit area (nm2) of

the particle surface. Moreover, due to the longer distance

between the junctions in the PAAc chain, the distance between

the junction of PAAc and particle surface would be longer.

Thus, the mobility of the particle would be higher, and tand
would increase.

Micellar Crosslinking Polymerization of Acrylic Acid as a

Function of Frequency

The G 0, G 00, tand, and G*/G*max values of N10D4 (polystyrene

particle-filled PAAc hydrogel, Np 5 1.31 3 1012/mL, Dp 5

233 nm) during crosslinking polymerization were plotted at fre-

quencies of 0.1, 0.5, 1.0, and 10.0 Hz. G 0 was not highly sensi-

tive to frequency in the range of 0.5–10 Hz, but decreased

significantly at 0.1 Hz [Figure 14(a)]. G 00max ranged between

600 and 900 Pa, but reached a value of 1500 Pa at 10 Hz [Fig-

ure 14(b)]. Thus, tand was high at 0.1 Hz and 10 Hz, and low

at 0.5 Hz and 1.0 Hz [Figure 14(c)]. The curves of G*/G*max at

all frequencies converged into one curve.

G 00 increased at high frequency (10 Hz). However, the dynamic

viscosity (G 00/Hz) at 10 Hz was lower than at other frequencies

(not plotted). As the shear rate increased, the formation of clus-

ter structures composed of branched molecules and polystyrene

particles would be interrupted, resulting in less occlusion of the

structure, thereby increasing the viscosity. Thus, at a high shear

rate, the dynamic moduli or viscosity of the suspension was

determined by the nature of the crosslinking PAAc and the

effect of the particles was less significant.

The point at which tand is equal to 1.0 is called the “gel point”;

the Winter–Chambon criterion is valid at this point.52,53 For

N10D4, this point was observed near 11 min of polymerization

(log (G 00/G 0) 5 0). However, the gel point does not always

occur at tand 5 1, especially in multicomponent systems. Chiou

et al.54 reported validity of the Winter–Chambon criterion dur-

ing thiol-ene formulation using fumed silica, where the surface

contained n-octyl groups with three AO2 moieties and

dimethyl groups with two AO2 moieties. In this case, the gel

point was observed at tand 5 1 for the methyl terminated silica,

but not for the octyl modified silica. Failure of the gel point to

occur at tand 5 1 could be attributed to abnormal growth

kinetics, a highly polydispersed structure,55,56 or phase separa-

tion before the gel point.57

Therefore, it can be deduced that in the present system, before

the gel point where the infinite molecule was formed, coagu-

lation of polystyrene particles was not significant and the

particles were evenly dispersed, the branched PAAc chains were

not precipitated, and all the G 0 and G*/G*max curves were

superimposable.

CONCLUSIONS

To isolate the effect of polystyrene particles on the crosslinking

polymerization of acrylic acid, the rheological parameters, G 0,

tand, and G*/G*max were measured during crosslinking poly-

merization at 608C over the course of 1 h using a double-gap

cylindrical system (DG27) and evaluated as a function of Np,

Dp, the concentration of APS, and frequency.

Polystyrene particles were generated by EFEP of styrene, where

the particle size was kinetically controlled. Particles with sizes of

233, 333, 590, and 696 nm were thus obtained. Np was calcu-

lated based on these particle sizes.

Incorporation of polystyrene particles into the acrylic acid sys-

tem reduced the rate of crosslinking polymerization with no

improvement of the rheological properties of the hydrogel.

However, exceptional enhancement of the rheological properties

of the hydrogel was achieved when 1 mL of an emulsion con-

taining 1.31 3 1012 polystyrene particles was incorporated into

the polymerization system. The best ratio of bonding sites per

unit area of the particle surface is proposed to be 0.2 bonding

sites per nm2.

Larger particles resulted in the formation of stronger hydrogels

with fixed Np. The particles were more evenly dispersed and the

PAAc chains could be more deeply embedded into the softer

particles.

Crosslinking progressed more efficiently at higher APS to acrylic

acid concentration ratios. However, at ratios exceeding

8.52 3 1024, no significant enhancement of G 0 was achieved,

while G 0 increased more slowly in the deceleration period.

In the measurement of tand for N10D4 as a function of fre-

quency, 0.1, 0.5, 1.0, and 10.0 Hz, the gel point was observed at

the point where G 0 5 G 00, which obeyed the Winter–Chambon

criterion. Thus, it could be deduced that the polystyrene-filled

micellar crosslinking polymerization of acrylic acid progressed

successfully without phase transition prior to gelation, and the

polydispersity was not significant.
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