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Abstract

In this study, a relatively novel macromonomer having a relatively shorter chain length, poly(ethylene glycol) ethyl ether methacrylate
(PEG-EEM) was used to increase the stability of styrene—water emulsion. The uniform latex particles in the range ofuthdwdr@
prepared by the emulsion copolymerization of styrene (S) and PEG-EEM. The copolymerizations were achieved by using potassium
persulphate (KPS) as the initiator in an aqueous emulsion medium including NaCl. To achieve uniform copolymer particles with different
size and surface properties, PEG-EEM/S volume ratio, KPS concentration, monomer/water ratio and NaCl concentration were changed. The
results indicated that the average particle size decreased with the increasing PEG-EEM/S ratio. Higher PEG-EEM/S ratios provided
copolymer latex particles with higher yield and higher monodispersity. The copolymer latex particles with lower mass and surface charge
densities were obtained with the higher PEG-EEM/S ratios. The power law dependency of particle humber density on the PEG-EEM
concentration was also determined. The average patrticle size increased with the increasing KPS and NaCl concentrations. Excess KPS or
NaCl concentrations led to copolymer latex particles with a bimodal size distrib@id®99 Elsevier Science Ltd. All rights reserved.

Keywords Styrene; Polyethylene glycol; Polyethylene glycol methacrylate

1. Introduction “Enchanced Steric Stabilization” [9]. An important group
of steric stabilizers utilized in emulsion polymerization are
Various emulsion and dispersion copolymerization the macromonomers with PEO chains modified with term-
procedures were proposed for the production of polystyreneinally attached polymerizable groups. Poly(ethyleneglycol)
latex particles carrying polar functional groups on their methylether methacrylate (PEG-MEM) with 40 ethylene
surfaces. In these methods, styrene was copolymerizedoxide units was tried as a polymerizable stabilizer in an
with the highly water soluble, acrylate based monomers emulsion polymerization of styrene [10,11]. The polysty-
by applying single or multi-step polymerization procedures rene latexes stabilized by PEG-MEM were found to be
providing latex particles usually comprised of a hydro- very stable to the addition of electrolyte [12]. The floccula-
phobic core and a hydrophilic surface layer [1-5]. tion behaviour of polystyrene latex anchored with PEO
The steric stabilizers called as “protective colloids” (i.e. chains was also investigated in the existence of PEO as a
poly(vinyl alcohol), poly(ethylene oxide) (PEO), poly- free polymer [13]. The micelle formation properties of a
(vinylpyrrolidone), cellulose and starch derivatives) also PEO based macromonomer including eight ethylene oxide
stabilize the polymer dispersions in aqueous phase by (EO) units withw-methacrylate end group and its polymers
forming a dense protective layer on the latex particles [6]. were determined [14,15]. In the another study performed by
The surface layer can be formed by the physical adsorptionBrown et al., different types of non-ionic water-soluble
of the steric stabilizer onto the forming latex particles [7]. polymers and macromonomers with PEO chains modified
The chemical bonding of the steric stabilizer onto the colloi- with terminally attached polymerizable groups were invest-
dal surface by a grafting reaction is another mechanism for igated as steric stabilizers in the batch emulsion polymer-
the formation of protective surface layer [8]. The irrevers- ization of styrene [6]. Poly(ethylene glycol) methylether
ible chemical bonding of the polymeric stabilizer onto the macromonomers carrying termingl-styrylalkyl groups
latex particles provides an increased stability termed aswere also utilized in the preparation of uniform latex part-
icles by emulsion or dispersion copolymerization with a
*Fax: +90-312-427-74-56. large excess of styrene or butyl methacrylate [16,17].
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latex particles stabilized by the polymerizable surfactants Eq. (2).

carrying EO units [18]. Various direct dispersion

polymerization procedures using an oil soluble initiator Dn = Z N; Di/z Ni,

for the synthesis of PEO carrying latex particles were also

proposed [19—-21]. Recently, a direct dispersion copolymer- U = Dy/D,.

ization procedure was obtained for producing latex particles

made of styrene and PEO macromonomers carrying D

methoxy group on oneof) end methacryloyloxyhexyl or

methacryloyloxydecyl group on the othes-j end [22]. D, = {Z N, Diﬁlz NiDis}l/S.
In this study, a reasonably novel macromonomer having a

relatively shorter chain-length, poly(ethyleneglycol) ethyl  The particle number densityNg, in particles per ml of

ether methacrylate (PEG-EEM) was used for the synthesiswater) was calculated according to Eq. (4) [6]; whédgijs

of uniform polystyrene particles carrying polyethylene the number-average particle diamets, is the fractional

glycol residues. A single step method (i.e. emulsion copoly- conversion of total monomer (i.e. styrene and PEG-EEM),

merization) was proposed for the production of uniform M, is the total amount of both monomers initially charged

styrene—PEG-EEM particles. The effect of polymerization per ml of water, ang, is the density of copolymer particles.

conditions on the monomer conversion, the average size, theThe density was determined for several latex samples by a

size distribution and the charge density of the copolymer picnometric method and 1.05 g/ml was used as an average
particles were investigated. value for the calculation df, in all samples.

(€]

@3]

In Eq. (2), Dy is the weight average diameter of latex
articles calculated by Eq. (3).

(©)

Ny = 6MX/(TD3pyp). (4

The latex yield was determined by using a gravimetric
procedure. After polymerization, the latex suspension was
passed through a coarse filter (d#h in size) to remove any
coagulum, then 10ml of sample was centrifuged at
20 000 rpm for 20 min and the supernatant was discarded

ca. 246, number of ethylene oxide units3, Aldrich Chem. after the centrifuge. The latex particles were redispersed in
Co., Milwaukee, WI) was used without further purification. 10 ml of distilled water by ultrasonication and the resulting
Potassium persulphate (KPS, Analar grade, BDH Chemicalsdispersion was again centrifuged. This operation was
Ltd., Poole, UK) was selected as the initiator. The ionic Performed three times. The final dispersion was dried in
strength of aqueous polymerization medium was adjusted vacuum at 6€C for 24 h. The latex yield@r%, the weight

by sodium chloride (Merck AG, Darmstad, Germany). ratio of produced latex particles to the total monomer mass
charged into the reactor) was calculated by using the weight

of dried particles.

The charge density of the copolymer latex particles were

The emulsion copolymerizations were performed in the determined by a potentiometric titration method [23]. The
sealed cylindrical reactors (volume: 150 ml) placed in a latex suspension (30 ml) was treated with 6 g of ion
shaking water bath equipped with a temperature control exchange resin mixture consisting of equal mass of
system. A typical procedure for the emulsion copolymeriza- Dowex, G55-OH anion exchange resin (OH type) and
tion of styrene and PEG-EEM is presented below: 5ml Dowex, 50WX2-200 cation exchange resin (H type),
styrene and 1 ml PEG-EEM were added into 45 ml of (Aldrich Chem. Co.) in a magnetic stirrer. After the ion
aqueous KPS solution (0.44 mg/ml) in a polymerization exchange, pH of latex suspension was brought to 3.0 by
reactor. The reactor was purged with bubbling nitrogen adding 0.01 N HCI solution. The resulting suspension was
for 5min. The sealed reactor was placed into a shaking titrated with 0.005 N NaOH solution, potentiometrically. A
water bath at room temperature. The emulsion copolymer- titration was also performed with an equal volume of blank
ization was conducted for 24 h with 200 cpm shaking rate at solution having the same pH (i.e. 3.0). By using the inflec-
a temperature of 6& 0.2°C. tion points observed in the titrations, the mass charge
density Q, meqg/g) and the surface charge densi@,(
pCleny) of the produced latex particles were calculated.

2. Experimental
2.1. Materials

Styrene (Yarpet AS, Turkey) was distilled under vacuum
before use. PEG-EEM (Averadé, for the whole molecule:

2.2. Emulsion copolymerization

2.3. Characterization of latex particles

The average size and the size distribution latex particles
were evaluated by scanning electron microscopy as 3. Results and discussion
described elsewhere [4]. The number of average diameter

(D) of the latex particles was calculated according to
Eq. (1); whereN; is the number of particles in diameter
D; (nm). The polydispersity indext) was calculated by

The macromonomers with relatively longer PEO chains
have been tried as the polymerizable stabilizers in the emul-
sion or dispersion copolymerization systems [6,10-12,
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containing PEG-EEM up to 3.5% (v/v) were mainly trans-
parent. It could be stated that the maximum solubility of
PEG-EEM in water was around 3.5% (v/v). However, a
L sudden increase in the absorbance (also indicating a sudden
increase in the turbidity of aqueous mixture) was detected at
20 |- 4.0% (v/v) PEG-EEM concentration. The aqueous PEG-
EEM mixtures prepared with the PEG-EEM concentrations
higher than 4.0% (v/v) were in the form of a typical
15 | emulsion.
The effect of PEG-EEM concentration on the stability of
- styrene—water emulsion was also examined. In these group
of experiments 5 ml of styrene was emulsified with distilled
water (45 ml) by including PEG-EEM at different concen-
trations ranging from 0 to 4.4% by volume. The emulsions
were prepared within the cylindrical glass tubes by ultra-
05 sonication of the styrene—water mixtures at 200 W for
3 min. By the breaking of the emulsion, the height of the
i light phase increased. Then, the breaking of emulsion could
00 be expressed by the determination of the appeared fraction
of the light phase (including styrene and PEG-EEM) on the
I NP NI I NI N R A photographs taken at different time values. This parameter
4 0 1 2 3 4 5 6 7 8 9 was calculated by taking the ratio of the height of the light
phase at any time to the height of the light phase after
complete separation of two phases (i.e. at infinite time).
Fig. 1. The variation of absorbance of PEG-EEM-water mixtures with the The behaviour of emulsions are quantified in Fig. 2(A).
PEG-EEM concentratiom(= 500 nm). Here, the variation of the appeared fraction of the light
phase was plotted against the time for the each emulsion.
16—-22]. The number of EO units in the macromonomers The water—styrene emulsion was rapidly broken within
utilized in the emulsion polymerization of styrene were about 5 min in the absence of PEG-EEM. However, the
approximately 40—-45 [6,10-12]. In our study, the macro- formation rate of the light phase decreased with the increas-
monomer selected as the polymerizable stabilizer (PEG-ing PEG-EEM concentration. In other words, the breaking
EEM) includes only three EO units. Therefore, the length rates of emulsions prepared with different PEG-EEM
of the PEO chain in the macromonomer is reasonably concentrations were reasonably slower relative to the emul-
shorter relative to previously examined structures. In other sion including no PEG-EEM. Note that, the breaking rate of
words, the weight ratio of the polymerizable hydrophobic water—styrene emulsion prepared with 4.4% (v/v) of PEG-
group (i.e. methacrylate) to the more hydrophilic chain (i.e. EEM concentration was slower relative to the others. This
PEO) is higher in the selected macromolecule, which affects concentration was slightly higher than that in which a
either the solubility or the copolymerization characteristics. sudden increase in the turbidity of the water—PEG-EEM
To have an idea about the behaviour of a polymerizable mixture was observed. These results indicated the stability
stabilizer having relatively shorter PEO chain length, of water—styrene emulsion increased with the increasing
PEG-EEM was tried in the emulsion polymerization of PEG-EEM concentration.
styrene. Then, this study allowed the comparison of The effect of PEG-EEM on the stability of styrene—water
examined behaviour with previously tried macromonomers emulsion was also studied with an emulsion medium includ-
with longer PEO chains [18]. ing NaCl at a concentration of 15.2 mM. The same method
In our study, the solubility characteristics of PEG-EEM with the previous one was used and the PEG-EEM concen-
and the stability of styrene—water emulsions in the existencetration in the emulsion medium was changed between 0.0
of PEG-EEM were investigated. To have an idea about the and 4.4% (by volume). The variation of the appeared frac-
solubility of PEG-EEM in distilled water, the absorbances tion of the light phase with the time for the styrene—water
of PEG-EEM—water mixtures prepared with different PEG- emulsions prepared by including NaCl and with different
EEM concentrations were measured in a UV-Vis spectro- PEG-EEM concentrations are given in Fig. 2(B). As seen
photometer at a wavelength of 500 nm. To achieve the here, the formation rate of the light phase for the emulsions
solubilization/emulsification of PEG-EEM in water, the prepared with 1.1 and 2.2% of PEG-EEM (i.e. the breaking
prepared mixtures were sonicated at 200 W for 5 min before rate of emulsion) was close to that observed with the emul-
recording the absorbance value. The variation of absorbancesion including no PEG-EEM. This behaviour possibly origi-
of PEG-EEM—-water mixtures with the PEG-EEM concen- nated from the strong salt-out effect of NaCl present in the
tration is given in Fig. 1. The agueous PEG-EEM mixtures emulsion medium. However, the styrene—water emulsion
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Fig. 2. The variation of appeared fraction of the light phase with the time during the breaking of styrene—water emulsions prepared with diff&ekt PEG
concentrations. Medium Type (A) No salt, (B) 15.2 mM NacCl.

prepared with 4.4% PEG-EEM was reasonably stable in this (i.e. NaCl). For this purpose, four sets of experiments were
case. These results again indicated that the stability ofdesigned with different combinations of experimental vari-
styrene—water emulsion increased by the introduction of ables. In the first set, KPS concentration was fixed to a low
PEG-EEM into the emulsion medium including NaCl. To value (i.e. 1.64 mM) in the aqueous emulsion medium
use this property of PEG-EEM in the emulsion polymeriza- including no salt. Here, PEG-EEM/S volume ratio was
tion of styrene, several sets of experiments were designed.changed between 0.05 and 0.30 ml/ml by fixing the styrene
In the emulsion copolymerization experiments, the concen- concentration to 11.1% (by volume). The properties of the
trations of initiator, styrene and PEG-EEM were changed to produced latexes are presented in Table 1. Note that, PEG-
prepare the latex particles with different size and surface EEM concentration in the aqueous medium was also given
properties. The effects of copolymerization conditions on within the parentheses in the first column of Table 1. In the
the properties of latex particles are presented below. second set, PEG-EEM/S volume ratio was changed in the
above range in the presence of a higher initiator concentra-
3.1. Macromonomer/styrene (PEG-EEM/S) volume ratio ~ tion (3.28 mM) in an emulsion medium also including no
salt. Here, a poly(styrene) latex was also synthesized in the
The effects of PEG-EEM/S volume ratio on the size and absence of PEG-EEM as a reference material for the evalua-
surface properties of the copolymer latex particles were tion of copolymer latexes produced in this set. The proper-
investigated both in the absence and existence of electrolyteties of latex particles are also presented in Table 1. In the
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Table 1
The properties of latex particles produced by different PEG-EEM/S ratios (the concentration of PEG-EEM in the emulsion medium (% (v/v)) wab@given in t
parentheses)

PEG-EEM/S (ml/ml) Cr (%) D, (nm) U (D,/Dy) Q (meg/g)x 10° Q, (nClen)
First set conditions: No salt, KPS: 1.64M, S: 11.1% (v/v)

0.05 (0.56) 72.8 1209 1.031 10.9 22.1
0.20 (2.22) 94.0 824 1.001 7.16 9.92
0.30 (3.33) 86.2 580 1.003 8.26 8.05
Second set conditions: No salt, KPS: 3.28 mM, S: 11.1% (v/v)

0.00 (0.00) 60.2 1192 1.009 25.9 51.8
0.05 (0.56) 74.9 1349 1.016 17.6 39.9
0.10 (1.11) 81.6 77 1.014 7.71 10.1
0.20 (2.22) 77.7 583 1.005 6.25 6.11
0.30 (3.33) 71.1 541 1.002 6.78 6.16
Third set conditions: NaCl: 15.2 mM, KPS: 3.28 mM, S: 11.1% (v/v)

0.00 (0.00) 86.4 936 1.041 5.61 8.82
0.10 (1.11) 88.4 1125 1.025 3.68 6.95
0.20 (2.22) 84.7 1248 1.002 3.57 7.49
0.30 (3.33) 78.8 854 1.021 2.72 3.90
0.40 (4.44) 61.0 825 1.009 3.43 4.76
Fourth set conditions: NaCl: 15.2 mM, KPS: 3.28 mM, S: 2.22% (v/v)

0.00 (0.00) 56.0 684 1.003 75.1 86.3
0.05 (0.11) 87.0 580 1.007 31.2 30.5
0.10 (0.22) 91.9 579 1.005 31.3 30.4
0.20 (0.44) 80.2 456 1.004 29.2 22.4
0.40 (0.88) 74.8 459 1.002 44.6 34.4

first set, the latex yield was lower with the lowest PEG-  These findings indicated that the introduction of PEG-
EEM/S ratio (i.e. 0.05 ml/ml) relative to the other runs. EEM into the emulsion polymerization of styrene resulted
Higher latex yields were obtained when PEG-EEM was in an increase in the overall monomer conversion when
included in the emulsion copolymerization recipe. In the PEG-EEM/S ratio was kept at a suitable level. This increase
second set, the behaviour for the latex yield was also similar may be explained by considering two factors: the first one is
to that of the first one. The lowest latex yield was obtained possibly related to the solubility of monomers. The solubi-
with the latex produced in the absence of PEG-EEM. The lity of PEG-EEM in the aqueous medium is reasonably
latex yields achieved with different PEG-EEM/S ratios were higher relative to styrene. This factor makes the initiation
reasonably higher relative to the yield obtained in the of the copolymerization in the aqueous medium in the
absence of PEG-EEM. However, the formation of signifi- presence of a water-soluble initiator (KPS) easier; the
cant amount of coagulum (21% of the total monomer mass) second factor causing an increase in the monomer conver-
in the last run of the second set performed with the PEG- sion is possibly related to the emulsification function of
EEM/S ratio of 0.30 ml/ml caused a decrease in the latex PEG-EEM. As emphasized previously, the stability of
yield. styrene—water emulsion increased with the increasing
PEG-EEM concentration. In other words, the introduction
of PEG-EEM into the styrene—water mixture resulted in a
significant reduction in the size of organic phase droplets
within the aqueous phase. Either the number or the total
surface area of the monomer stock droplets increases with
the decreasing droplet size. Both of them make easier the
monomer diffusion from the stock droplets to the forming
latex particles at the late stages of the emulsion copolymer-
ization process. As a result of these two reasons, the mono-
mer conversion was possibly higher in the existence of
PEG-EEM. As seen in Table 1, PEG-EEM also affected
the monodispersity of latex particles. Higher polydispersity

o L X X X XA Y : eI SILY DT I e A
8 In ‘.‘;,‘,?,jﬂ“Q‘-!'j.g;g‘%?. - .9‘.'9.1 index values indicating wider size distributions were calcu-
= i'l&’»f_lu.i".'v.".l@i&'ofo\&d lated for the latex particles produced without using PEG-

Fig. 3. SEM photograph of the monodisperse styrene—PEG-EEM copoly- EEM _Or Wlth_the lower PEG-EEM/S ratio (l'e' 0.05 mI/mI)
mer latex particles, Magnification: 6080, Polymerization conditions; both 'n_the first and second S(_EtS of runs (Tab_le 1). I_-hghly
KPS:1.64 mM, No NaCl, S: 11.1% (v/v), PEG-EEM/S:0.20 mi/ml. monodisperse copolymer particles were obtained with the
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Table 2 the number of primary particles is higher relative to the
The exponentr() values for the power law dependencies of particle number conventional emulsifier-free emulsion process. However

[ icle si he PEG-EEM i : L . S
density () and average particle sizB) on the PEG-EEM concentration o 5y imary particle is possibly formed by the flocculation
KPS (mM) Styrene (%v/v) NaCl(mM)nforN,  nfor D, of less number of oligomer chains with longer chain length.
In the earlier step of the emulsion copolymerization, a

1.64 111 0.0 138027 ~038+011 competition occurs between the solubilized PEG-EEM
3.28 11.1 0.0 1.64 0.30 —0.51+0.09 d st lecules for bindi 10 the S@rmvi

398 299 152 048 012 — 0.16+ 0.05 and styrene molecules for binding onto the ,;Sfarrying
3.28 11.1 15.2 073045 —0.26+ 0.16 monomer radicals. The binding of PEG-EEM molecules

onto the growing chains is easier due to their more polar
character (i.e. higher water solubility). The longer chain
higher PEG-EEM/S ratios. A representative SEM photo- length before the nucleation is only possible when the grow-
graph of the monodisperse copolymer latex particles ing chains include dominant PEG-EEM units. The more
produced in the existence of PEG-EEM is given in Fig. 3. polar character of these chains allows them to remain in
The average particle size decreased with the increasingthe solubilized form until reaching a higher molecular
PEG-EEM/S ratio for both the initiator concentrations. weight. Therefore, the nucleation in an emulsion medium
This result indicated that PEG-EEM was effective on the prepared with a higher PEG-EEM/S ratio results in smaller
formation of primary particles (i.e. particle number density). particles with the lower mass charge densities. The increase
In the third group of runs, a new emulsion medium was in the specific surface area of the particles due to their lower
prepared by adding NaCl at a concentration of 15.2 mM, size also reduces the surface charge density.
into the emulsion medium used in the second set. The prop- The variation of particle number densitig) with the
erties of latex particles are presented in Table 1. The lowestPEG-EEM concentration is given in Fig. 4(A). For different
latex yield with the highest PEG-EEM/S ratio (i.e. combinations of experimental conditions, an approximate a
0.40 ml/ml) originated from the formation of coagulum linear relation was obtained between particle number
(26.0% of the total monomer mass). Although the latex density and PEG-EEM concentration in the logarithmic
yield was satisfactorily high for the polystyrene latex coordinates. The exponent)(value in the power law was
produced in the absence of PEG-EEM, the size distribution determined by using a conventional least-squares algorithm.
of this sample was widelJ= 1.041) relative to the other In Fig. 4(A), to show the predicted particle number density
copolymer latexes produced in this set. The use of PEG- values according to power law, the solid and the segmented
EEM as a comonomer again resulted in an improvementlines were used for the emulsion copolymerizations
in the particle size distribution in the presence of salt. performed in the absence and existence of NaCl, respec-
In the fourth group of runs, PEG-EEM/S ratio was tively. The exponent values determined for different combi-
changed between 0.05 and 0.40 ml/ml while the total nations of experimental conditions are given in Table 2. For
monomer/water ratio was reduced for producing smaller the emulsion copolymerizations performed in the absence of
particles relative to the other sets. Here, the styrene concen-NacCl, the exponent values of 1.38 and 1.64 were obtained
tration in the aqueous medium was set to a lower value (i.e. with the KPS concentrations of 1.64 and 3.28 mM, respec-
2.22% viv). The aqueous medium prepared in the third settively. A similar analysis was made by Brown et al. for the
was also used in the fourth one. The properties of copolymeremulsion copolymerization of styrene with different poly-
latexes are also presented in Table 1. A decrease in the(ethylene glycol) carrying macromonomers [6]. They also
average patrticle size with the increasing PEG-EEM/S ratio used an aqueous emulsion medium containing no electro-
was also detected in the emulsion media including NaCl (i.e. lyte. In their study, the exponent values of approximately
third and fourth sets). The results again indicated that the 1.0 were obtained for five different macromonomers synthe-
number of polymerization loci (i.e. the number of formed sized on the basis of the monomethyl ether of PEO having
nuclei) increased with the increasing PEG-EEM/S ratio (i.e. M, of 2000 g/mol [6]. In our study, higher exponent values
the increasing PEG-EEM concentration within the aqueous obtained under similar conditions showed the stronger effect
medium). of PEG-EEM concentration on the particle number density.
In all sets, PEG-EEM/S ratio was changed by increasing Here, it should be noted that Smith—Ewart Theory predicts
the amount of PEG-EEM while the amount of styrene was the exponent of stabilizer as 0.6 for the emulsion polymer-
kept constant. This case involves the distribution of same ization of water-insoluble monomers [24]. The reported
amount of styrene into the more forming particles with the experimental values of this exponent were in the range of
increasing PEG-EEM concentration in the aqueous phase.0.47-0.7 [25]. In the case of PEG-EEM, the exponent
Therefore, the size of final particles decreased with the values are almost twice the maximum value determined
increasing PEG-EEM/S ratio. for the emulsion polymerization of styrene. As seen in
The results in Table 1 indicated that either the mass Fig. 4(A), the slopes of the segmented lines were reasonably
charge density or the surface charge density were lowerlower relative to those of the solid lines. Then, lower expo-
when the emulsion polymerization was performed with a nent values (i.e. 0.48 and 0.73) were obtained for the emul-
higher PEG-EEM/S ratio. In the existence of PEG-EEM, sion copolymerizations performed within the aqueous
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Table 3
The properties of latex particles produced by different KPS concentrations
Cips (MM) Cr (%) Dy (nm) U (Du/Dy) Q (meg/g)x 10° Qs (wClen)
First set conditions: No salt, S: 11.1% (v/v), PEG-EEM: 1.11% (v/v)
0.82 83.6 728 1.001 3.01 3.68
3.28 81.6 777 1.009 7.71 101
4.92 84.6 930 1.007 104 16.3
8.22 89.6 1007 1.015 9.83 16.7
Second set conditions: NaCl: 15.2 mM, S: 11.1% (v/v), PEG-EEM: 2.22% (v/v)
0.82 74.9 795 1.052 6.17 8.25
1.64 86.9 1040 1.001 2.66 4.65
3.28 84.7 1248 1.002 3.57 7.49
6.56 84.6 420-1200 Bimodal 4.17 -
13.12 80.9 300-900 Bimodal 3.72 -

media including 15.2 mM NaCl (Table 2). It could be covalently incorporated onto the latex particles [6,26].
concluded that the concentration of PEG-EEM was less The exponent values 6f0.16 and—0.26 may be attributed
effective on the particle number density in the existence to the weaker dependency of average particle size on the
of electrolyte (i.e. NaCl). Here, it should be also noted PEG-EEM concentration in the existence of NaCl.

that the higher exponent value was obtained with the higher
styrene concentration.

In Fig. 4(B), the variation of average particle size with the
PEG-EEM concentration is given in the logarithmic coordi- In the first set of these experiments, the effect of initiator
nates. The power law dependency of average particle size orconcentration on the particle size and size distribution was
the PEG-EEM concentration was also determined. The investigated in an emulsion medium containing no electro-
exponent values estimated for different combinations of lyte. Here, KPS concentration was changed between 0.82—
experimental conditions are given in Table 2. For the 8.22 mM. The polymerization conditions and the properties
copolymerizations performed in the absence of NaCl, of latex particles are given in Table 3. As seen in the first
the exponent values 0f0.38 and—0.51 were obtained part of Table 3, the latex particles were obtained with the
with the constant initiator concentrations of 1.64 and satisfactory latex yields. The average patrticle size increased
3.28 mM, respectively. To compare our results with the with increasing KPS concentration. The best monodisper-
literature, we applied the power law model on the data sity was obtained with the lowest KPS concentration (i.e.
collected by Brown et al. and obtained exponent values 0.82 mM). The highest KPS concentration provided a
between —0.32 and —0.53 for four PEO carrying broader size distributiond = 1.015) relative to others. In
macromonomers which were the most effective ones on the second set of experiments, the effect of initiator concen-
the average size among the tried structures [6]. The magni-tration was investigated in the existence of an electrolyte.
tude of the exponent values obtained in our study showedHere, KPS concentration was changed between 0.82 and
that the polymerizable stabilizer (PEG-EEM) was 13.12mM in an aqueous emulsion medium including
15.2 mM NacCl. The properties of latex particles produced
in this set are given in Table 3. As seen here, the average
particle size also increased with increasing KPS concentra-
tion in the range of 0.82-3.28 mM. The lower initiator
concentrations usually provided the latex particles with
reasonably narrow size distribution. The best monodisper-
sity in this set was obtained with the KPS concentration of
1.64 mM. A bimodal size distribution was observed with
higher KPS concentrations (i.e. 6.56 and 13.12 mM). A
representative SEM photograph of the copolymer particles
with bimodal size distribution is given in Fig. 5. Some
amount of coagulum causing a decrease in the latex yield
was also observed with the KPS concentrations of 6.56 and
13.12 mM. For monomodal size distribution, an approxi-
mate linear increase was observed in the average particle

3.2. KPS concentration

Fig. 5. SEM photograph of the bimodal styrene—PEG-EEM copolymer
latex particles, Magnification: 6000, Polymerization conditions;
KPS:13.12 mM, NaCl:15.2 mM, S:1.11% (v/v), PEG-EEM/S:0.20 mi/ml.

size with increasing KPS concentration in both sets of
experiments. This increase may be explained as follows:
the increase in the initiator concentration causes an increase
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Fig. 6. The variation of particle number density with the initiator concentration in the absence and existence of $laa)(

in the number of free sulphate radicals produced in the more effective on the particle number density in the
earlier stage of copolymerization. The presence of PEG- presence of an electrolyte (i.e. NaCl). The mass and surface
EEM in the aqueous emulsion medium is also a factor caus-charge densities of the latex particles produced by different
ing an increase in the solubility of oligomer chains. So, KPS concentrations are also presented in Table 3. As seen
higher initiator concentration leads to lower molecular here, either the mass or the surface charge density increased
weight oligomer chains, which are more soluble in the with the increasing KPS concentration for the latex particles
aqueous medium. At the higher initiator concentrations, produced in the emulsion medium including no salt. This
due to the low concentration of high molecular weight increase is an expected case since the surface charge of the
chains, fewer polymerization nuclei are produced by the latex particles arises from the strong acidic groups coming
nucleation, which possibly leads to a lower number of part- from the initiator. However, the increase in the mass charge
icles but with larger size. The variation of particle number density with the increasing KPS concentration was not so
density with the KPS concentration is given in Fig. 6. The clear for the emulsion medium including 15.2 mM NacCl.
particle humber density decreased by increasing the KPS

concentration. Based on the linear relation observed in the 3 NaCl concentration

logarithmic coordinates, the exponent values for the power

law dependency of particle number density on KPS concen- In these group of experiments, NaCl concentration was
tration were determined as0.40 and—0.88 for the emul- changed between 0 and 38.0 mM. The polymerization
sion copolymerizations performed in the absence and conditions and the properties of latex particles are presented
existence of NaCl, respectively. The comparison of the in Table 4. High latex yields were obtained up to the NaCl
initiator exponents indicated that KPS concentration was concentration of 15.2 mM. The formation of significant

Table 4
The properties of latex particles produced by different NaCl concentrations (KPS: 3.28 mM, S:11.1% (v/v), PEG-EEM: 2.22% (v/v))

Chact (MM) Cr (%) Dy (nm) U (Dw/Dy) Q (meg/g)x 10° Qs (nClen)
0.00 777 583 1.005 6.25 6.11
3.80 89.7 681 1.009 5.16 5.90
7.60 88.8 893 1.002 3.61 5.41

15.2 84.7 1248 1.002 3.57 7.49

228 80.3 1232 1.013 3.29 6.81

38.0 67.3 200-1200 Bimodal 6.05 -
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Fig. 7. The variation of average particle size and the particle number density with the ionic strength of the aqueous emulsiommaleie)m (

amount of coagulum with the NaCl concentrations of 22.8 with the ionic strength is also shown in Fig. 7. The exponent
and 38.0 mM resulted in a decrease in the latex yield. As of —2.10 was obtained for the power law dependency of
seen in Table 4, the latex particles with reasonably narrow particle number density on the ionic strength. An exponent
size distribution could be obtained with the NaCl concen- value of—0.9 was predicted by the “Coagulative Nucleation
trations up to 15.2 mM. An appreciable size distribution was Theory” proposed by Feeney et al. for the conventional
first observed with the NaCl concentration of 22.8 mM. The emulsion polymerization of styrene [29]. The experimental
highest NaCl concentration (38.0 mM) provided a bimodal data of Goodwin et al. provided the exponent value-6f7

size distribution including significant amount of small part- for the same system [28,30]. Our result indicated that the
icles. The results indicated that the average particle sizeionic strength was a more effective parameter on the particle
increased with increasing NaCl concentration (i.e. increas- number density in the existence of a polymerizable stabili-
ing ionic strength of the aqueous medium). A linear depen- zer (PEG-EEM). As seen in Table 4, either the mass charge
dence between the particle diameter and ionic strength ofdensity or the surface charge density did not change signifi-
the aqueous phase in logarithmic coordinates was observedantly with the NaCl concentration in the aqueous emulsion
by Smigol et al. in the emulsifier free-emulsion polymeriza- medium. The surface charge density was not calculated for
tion of styrene [27]. Goodwin et al. also reported a similar the latex particles obtained with the highest NaCl concen-
tendency for the preparation of smaller particles starting tration (38.0 mM) since the determination of specific
from styrene [28]. For our copolymerization system, the surface area was difficult in the presence of bimodal size
variation of particle diameter with the ionic strength of distribution.

the aqueous medium is shown in Fig. 7. As seen here, a

linear relation between the particle diameter and the ionic 3 4 Monomer/water volume ratio

strength of the aqueous medium in logarithmic coordinates

was also valid for the emulsion copolymerization of styrene  Total monomer/water volume ratio (M/W) was changed
with PEG-EEM. The variation of particle number density between 0.027 and 0.133 ml/ml by fixing PEG-EEM/S

Table 5

The properties of latex particles produced by different monomer/water volume ratios (KPS: 3.28 mM, NaCl: 15.2 mM, PEG-EEM/S: 0.2 mi/ml)
M/W (ml/ml) Cr (%) D, (nm) U (D,/Dy) Q (meg/g)x 10° Qs (nClcn?)

0.027 60.2 456 1.004 29.2 22.4

0.067 80.1 723 1.008 5.43 6.60

0.133 84.7 1248 1.002 3.57 7.49
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volume ratio to 0.2 ml/ml. The copolymerization conditions  [3] Shirahama H, Suzawa T. J Coll Interface Sci 1985;104:416.
and the properties of latex particles are presented in Table 5. [4] Tuncel A, Kahraman R, Piskin E. J Appl Polym Sci 1993;50:303.
As seen here. the latex yield was reIativer lower with the [5] Tuncel A, Kahraman R, Piskin E. J Appl Polym Sci 1994;51:1485.

C . . [6] Brown R, Stiizel B, Sauer T. Macromol Chem Phys 1995;196:2047.
lowest monomer/water ratio ('-e- 0.027 ml/ml)- As seen in [7] Napper DH. Polymeric stabilization of colloidal dispersions. London:

Table 5, all tried monomer/water ratios provided latex part- Academic Press, 1983.
icles with reasonably narrow size distribution. The results [8] Earhart NJ, Dimonie VL, El-Aasser MS, Vanderhoff JW. In: Craver
also indicated that the particle diameter significantly CD, Provder T, editors. Advances in chemistry, series no: 227.

; ; ; ; ; Washington DC: American Chemical Society, 1990.
increased with the increasing monomer/water ratio. The [9] Dobbie JW, Evans R, Gibson DV, Smitham JB, Napper DH. J Coll

amount of monomer present in the aqueous medium is espe- "~ | -« . o 1073:45:557.

cially effective at the extended polymerization times [27]. [10] oOttewill RH, Satgurunathan R, Waite FA, Westby MJ. Brit Polym J

After completion of the nucleation period, the number of 1987;19:435.

primary latex particles is constant and these particles grow [11] Ottewill RH. Satgurunathan. Coll Polym Sci 1987;265:845.

by the diffusion of monomer through the aqueous phase [12] O_tteW|I| RH. Satgurunathan.. Coll Polym Sci 1988;266_:547.

[27]. The monomer diffusion continues up to the disappear- [13] V!_r1cent B, L_uckhgm PF, ngte FA. J Coll Interface Sci 1980;73:508.
) ) [14] Loffler R, Richtering WH, Finkelman H, Burchard W. J Phys Chem

ance of the stock droplets. Therefore the particle diameter 1992:96:3883.

increases with the increasing amount of monomer available [15] Richtering W, Ldfler R, Burchard W. Macromolecules 1992;

(i.e. in the form of stock droplets) within the polymerization 25:3642.

medium [27,28]. A linear relation between the particle size [16] Kawaguchi S, Winnik MA, lto K. Macromolecules 1995;28:1159.

and monomer concentration was observed in logarithmic 17! ngsr?:gz'\/lsi’p';f‘gi?‘lécg,'589’3'to K, Winnik MA. Macromol Reports

coordinates by Smigol et al. for the emulsifier free emulsion [18] OtteV\’/iII RH. Stabilization of polymer colloid dispersions. In: Lovell

polymerization of styrene [27]. For the emulsion copoly- PA, El-Aasser MS, editors. Emulsion polymerization and emulsion

merization of styrene and PEG-EEM, the particle size polymers. Chichester: Wiley, 1997. p. 60.

increased linearly with the increasing monomer concentra- [19] Bromley CWA. Coll Surf 1986;17:1.

tion in the studied range. As seen in Table 5, either the massl?0l Graetz CW, Thompson MW, Waite FA, Waters JA. Buropean Patent

h f h d L. bly higher f 1982;13 478.
or the surface charge densities were reasonably higher Or[21] Harper GR, Davies MC, Davis SS, Tadros TF, Taylor DC, Irving MP,

the latex particles produced with the lowest monomer Waters JA. Biomaterials 1991:12:695.
concentration (i.e. 0.027 ml/ml). The higher monomer [22] Furuhashi H, Kawaguchi S, Itsuno S, Ito K. Coll Polym Sci
concentrations provided latex particles with relatively 1997,275:227.

lower charge densities. During the experiments, the concen-[23] Shirahama H, Suzawa T. J Appl Polym Sci 1984;29:3651.

. . [24] Smith WV, Ewart RH. J Chem Phys 1948;16:592.
tration of KPS in the aqueous phase was kept constant. For[25] Min KW, Ray WH. J Macromol Sci, Rev Macromol Chem

this reason, the amount of initiator used per mass of the 1974:12:177.
monomer decreased with the increasing amount of mono-[26] Cawse JL. Dispersion polymerization. In: Lovell PA, El-Aasser MS,
mer. Therefore, the charge density originated from the editors. Emulsion polymerization and emulsion polymers. Chichester:
strong acidic group content of the latex particles decreased. _ Wiley, 1997. p. 750. _

[27] Smigol V, Svec F, Hosoya K, Wang Q, Frechet JIMJ. Die Angewandte

Makromolekulare Chemie 1992;195:151.
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