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Abstract

Amphiphilic star copolymers were synthesized by sequential monomer and cross-linker additions using group transfer polymerization

(GTP). Benzyl methacrylate (BzMA) and methoxy hexa(ethylene glycol) methacrylate (HEGMA) served as the hydrophobic and hydrophilic

monomers, respectively, whereas the also hydrophobic ethylene glycol dimethacrylate (EGDMA) was used as the cross-linker. In total,

twelve star copolymers were prepared, covering three different overall hydrophobic compositions, 39, 53 and 70% w/w, and four different

architectures, AB star-block, BA star-block, heteroarm star and random star. The theoretical molecular weight of each arm was kept constant

at 5000 g molK1. The molecular weights and molecular weight distributions of the linear precursors and of all the star copolymers were

characterized by gel permeation chromatography (GPC) in tetrahydrofuran (THF), while their compositions were confirmed by proton

nuclear magnetic resonance (1H NMR) spectroscopy. Moreover, all the star copolymers were characterized by static light scattering (SLS) in

THF to determine the absolute weight-average molecular weight, Mw, and the weight-average number of arms. After polymer

characterization, xylene–water and diazinon (pesticide)–water emulsions were prepared using these star copolymers as stabilizers at 1% w/w

copolymer concentration and at different overall organic phase/water ratios. The most important factor in determining the emulsion type was

the star copolymer composition in hydrophobic units. The four most hydrophilic star copolymers (39% w/w hydrophobic composition)

always formed o/w emulsions, while the four most hydrophobic star copolymers (70% w/w hydrophobic composition) always formed w/o

emulsions. The type of the emulsion in the case of the star copolymers with the more balanced composition, 53%w/w hydrophobic units, also

depended on the emulsion content in the organic solvent, similar to particulate-stabilized emulsions. Considering that the best o/w emulsifier

is that star copolymer which can emulsify the largest quantity of organic phase in water resulting in low viscosity, o/w emulsions without

excess oil or water phase, it appeared that the most hydrophilic random copolymer star is the optimal emulsifier. Moreover, this star

copolymer presented the smallest droplet size in its emulsions. It is also noteworthy that the resulting emulsions almost never had high

viscosity, a feature attributable to the compact nature of star polymers.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Emulsion formation (or emulsification) is an industrially

relevant process in which either oil is dispersed in water

(oil-in-water emulsions, o/w) or water is dispersed in oil

(water-in-oil emulsions, w/o) [1–3]. Emulsification necessi-

tates the presence of a third component, the emulsifying
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agent or emulsifier, which is adsorbed at the liquid–liquid

interface and reduces the oil–water interfacial tension. The

emulsifier has traditionally been a low molecular weight

(MW) surfactant. However, in recent years, amphiphilic

polymeric stabilizers, such as linear block [4], graft [5], and

star copolymers, have started to replace lowMW surfactants

because these copolymers are more effective stabilizers than

the surfactants as manifested by the smaller amount of

copolymer required for emulsification [6]. More recently,

solid nano- and micro-particles also attract the attention for

use as emulsifiers (Pickering-type emulsifiers) [7].

Linear diblock [8,9] and ABA triblock [9,10] copolymers

have been tested in a variety of emulsification applications,
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with an increasing recent focus on use as stabilizers in

emulsion polymerization [6,11–13]. Graft copolymers are

often the choice in industrial applications [14–16]. To date,

star copolymers have attracted much less attention, and

there are only a very small number of studies on their use as

emulsifiers. In some early investigations, Huynh-Ba-Gia

and co-workers [17–20] prepared amphiphilic three-arm

heteroarm star copolymers of polydiene and poly(ethylene

oxide) (PEO) and used them for emulsion formation

between water and a variety of organic solvents. Sub-

sequently, Xie and Xia [21] showed that amphiphilic four-

arm heteroarm star polystyrene-PEO (PS-PEO) copolymers,

synthesized by anionic polymerization, were better ben-

zene/water emulsifiers than their three-arm heteroarm star

and linear diblock counterparts. Matyjaszewski and co-

workers [6] employed atom transfer radical polymerization

(ATRP) to prepare amphiphilic three-arm PS-poly(acrylic

acid) (PS-PAA) star-block copolymers, which were eval-

uated as stabilizers in emulsion polymerization and were

found to be as efficient as their linear counterparts. Kukula

and colleagues [22] employed anionic polymerization to

prepare amphiphilic heteroarm star copolymers with one

hydrophobic PS and eight hydrophilic poly(sodium gluta-

mate) arms. These star copolymers proved to be better

emulsion polymerization stabilizers than their linear diblock

counterparts at low stabilizer loadings.

We are interested in the preparation of stable o/w

emulsions of liquid pesticides in water, stabilized by

amphiphilic copolymers. To this end, we have used group

transfer polymerization (GTP) [23–26] and prepared a series

of linear amphiphilic diblock polymethacrylates, which we

subsequently evaluated as xylene–water and diazinon

(pesticide)–water emulsifiers [27]. Given the small number

of studies on star copolymers as emulsifiers and the reported

circumstantial superiority of star over linear copolymers, the

present investigation aimed at the preparation by GTP of

star copolymers based on non-ionic hydrophilic–non-ionic

hydrophobic units and their evaluation for the emulsifica-

tion of pesticides in water.
2. Experimental section

2.1. Synthesis

2.1.1. Materials

The GTP initiator 1-methoxy-1-trimethylsiloxy-2-

methyl propene (MTS), the hydrophobic monomer benzyl

methacrylate (BzMA), the hydrophobic cross-linker ethyl-

ene glycol dimethacrylate (EGDMA), the free radical

inhibitor 2,2-diphenyl-1-picrylhydrazyl (DPPH), calcium

hydride (CaH2), potassium metal, tetrabutylammonium

hydroxide, benzoic acid, and p-xylene were all purchased

from Aldrich, Germany. Sodium metal was purchased from

Fluka, and tetrahydrofuran (THF, both HPLC and AR

grade) was purchased from Labscan, Ireland. Methoxy
hexa(ethylene glycol) methacrylate (HEGMA), a nonionic

hydrophilic monomer, was kindly donated by Laporte

Performance Chemicals, UK. Diazinon (a pesticide of

Syngenta) was provided by Premier Chemical Co. Ltd,

Cyprus. Fig. 1 depicts the chemical structures and names of

the two monomers, the cross-linker and the GTP initiator

used for the synthesis of the star copolymers.

2.1.2. Methods

BzMA and EGDMA were passed twice through basic

alumina columns to remove the polymerization inhibitor

and protic impurities. Subsequently, BzMA and EGDMA

were stirred over CaH2 (to remove the last traces of moisture

and protic impurities) for one hour in the presence of the

free radical inhibitor DPPH, and were vacuum-distilled just

prior to use. Due to the high viscosity of the neat monomer,

a 50% v/v solution in (freshly distilled) THF of the HEGMA

monomer [28] was used for the processing with basic

alumina. The HEGMA monomer solution was also passed

twice through basic alumina columns. The HEGMA

solution was then stirred over CaH2 (without DPPH) for

one hour and was filtered through a 0.45 mm PTFE syringe

filter directly into the polymerization flask. The MTS

initiator was distilled just before use. The polymerization

solvent, THF, was refluxed over a potassium/sodium alloy

for 3 days and was freshly distilled prior to use. The

polymerization catalyst, tetrabutylammonium bibenzoate

(TBABB), was prepared from the reaction of tetrabutylam-

monium hydroxide with benzoic acid according to Dicker et

al. [25] and was kept under vacuum until use.

2.1.3. Polymer synthesis

A typical polymerization procedure yielding the

HEGMA10-b-BzMA10-star copolymer is detailed below.

To a 100 mL round bottom flask containing a small amount

(w10 mg, 20 mmol) of TBABB were syringed 50 mL of

freshly distilled THF and 0.6 mL MTS initiator (0.51 g,

2.93 mmol), in this order. 19.2 mL of the 50% v/v solution

of HEGMA in THF (10.1 g of HEGMA, 28.8 mmol) was

slowly added under stirring. The polymerization exotherm

(25.4–29.6 8C) abated within 10 min, a sample for GPC was

extracted, and 4.8 mL BzMA (4.99 g, 28.0 mmol) was

added which produced an exotherm (28.2–33.3 8C). A

sample for GPC of the linear HEGMA-BzMA diblock

copolymer was extracted. Finally, 1.1 mL EGDMA (1.14 g,

5.83 mmol) was added which produced an exotherm (31.6–

33.4 8C). A GPC sample of the final star copolymer was then

extracted for analysis. All the star copolymers were

recovered by precipitation in n-hexane and dried in a

vacuum oven at room temperature for one week. For the

synthesis of star copolymers with BzMA-HEGMA diblock

copolymer arms (BA star-block) the same procedure was

followed, with the only difference being that the order of

monomer addition was reversed. For the synthesis of the star

copolymer with random copolymer arms, the two mono-

mers were added simultaneously, while for the preparation



Fig. 1. Chemical structures and names of the two monomers, the cross-linker and the initiator.

S.C. Hadjiyannakou et al. / Polymer 46 (2005) 2433–2442 2435
of the heteroarm star copolymer the cross-linker was added

between the additions of the first and second monomers. Fig.

2 shows the synthetic routes followed for the preparation of

the four different star architectures.
2.2. Solubility tests

The solubilities in deionized water, p-xylene and

diazinon of all star copolymers at a 1% w/w concentration

were tested by attempting to dissolve 0.05 g of the star

copolymer in 5.00 g of each of the three solvents.
2.3. Polymer characterization in organic solvents
2.3.1. Gel permeation chromatography (GPC)

Molecular weights (MWs) and molecular weight distri-

butions (MWDs) were determined by gel permeation

chromatography (GPC) on a Polymer Laboratories system

equipped with a PL-LC1120 isocratic pump, an ERC-

7515A refractive index detector and a PL Mixed ‘D’

column. The eluent was THF, pumped at 1 mL minK1. The
Fig. 2. Schematic representations of the synthetic routes followed for the

preparation of the four different star architectures. The HEGMA units are

drawn in white, whereas the BzMA units are painted black. The black circle

in the center of each star copolymer indicates the hydrophobic EGDMA

core, while the small star symbols denote the active sites of the

polymerization.
MW calibration was based on seven narrow MW (630,

2680, 4250, 13,000, 22,650, 128,000 and 260,000 g molK1)

poly(methyl methacrylate), PMMA, standards also supplied

by Polymer Laboratories.

2.3.2. Proton nuclear magnetic resonance (1H NMR)

spectroscopy

A 300 MHz AVANCE Bruker spectrometer equipped

with an ultrashield magnet was used to acquire the proton

NMR spectra of star copolymer solutions in CDCl3 using

TMS as a reference.

2.3.3. Static light scattering (SLS)

The absolute weight-average MW, Mw, of the star

copolymers was determined by SLS on star copolymer

solutions in THF using a BIMwA Brookhaven spectropho-

tometer equipped with a 30 mW red diode laser operating at

673 nm. Scattered intensities were measured at seven

different angles, 35, 50, 75, 90, 105, 130 and 1458, and at

six different star copolymer concentrations ranging from

8!10K5–8!10K3 g mLK1. Toluene (refractive indexZ
1.4740, Rayleigh ratioZ3.51!10K5) was used as the

calibration liquid. The weight-average number of arms of

the star copolymers was estimated by dividing the star Mw

by the Mw of the linear arms as determined by GPC.

2.4. Preparation of emulsions

After star copolymer characterization, xylene–water and

diazinon–water emulsions were prepared using the star

copolymers as emulsifiers. The star copolymer concen-

tration was kept constant at 1% w/w of the total emulsion,

while the oil content was varied at six values: 20, 40, 50, 60,

80 and 90% w/w of the total emulsion. Emulsions were

prepared by first dissolving the proper amount of star

copolymer in oil (xylene or diazinon) and then by adding

dropwise the organic phase to deionized water under

vigorous stirring. After the addition of all the amount of

the organic phase, each emulsion was vigorously stirred for

an additional 10 min. The samples were then allowed to

stand for 48 h at 25 8C and observations were made
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regarding their appearance and phase separation. To obtain

the type of the emulsion (o/w or w/o emulsion), two drops

from each sample were diluted in 10 mL of solvent (xylene,

diazinon or water). Emulsion drops dispersed uniformly in

the solvent indicated that that solvent was the continuous

phase of the emulsion [29]. When the emulsion drops

precipitated in the form of coagulated spherical drops in that

solvent, this implied that that solvent was not the continuous

phase of the emulsion [29]. For example, if the emulsion

was of the o/w type, the drops would be dispersed uniformly

in water but they would coagulate in xylene (or diazinon).

Finally, the size of the droplets of the xylene–water

emulsions was measured using an Axiolab Zeiss optical

microscope.
3. Results and discussion

3.1. Confirmation of polymer structure

Twelve star copolymers covering three different compo-

sitions and four different architectures were synthesized,

and their schematic representations are given in Fig. 3. The

color code was given in the legend of Fig. 2. All the star

copolymers were characterized in terms of their MWs and

compositions by GPC and 1H NMR in THF and CDCl3,

respectively.

3.1.1. Mns and PDIs

The number-average MWs, Mns, and polydispersity

indices (PDIs, Mw/Mn) of all the star copolymers and their

linear precursors as determined by GPC are listed in

Table 1. The same Table also shows the theoretical polymer

formulas, with the subscripts indicating the theoretical

degrees of polymerization (DPs), and the theoretical MWs,

along with the star copolymer theoretical and 1H NMR
Fig. 3. Schematic representation of the twelve star copolymers prepared and

studied in this investigation. The color code is the same as that in Fig. 2.
compositions. The MW analysis for the linear homopolymer

and block-copolymer precursors to the stars are shown in

the row above the corresponding star copolymer. Due to the

calibration based on the linear PMMA MW standards, the

Mns determined for both the linear and the star polymers

represent only apparent values. The apparent Mns of the star

copolymers were several times higher than those of their

linear precursors and ranged between 50,000 and

120,000 g molK1. However, as will be shown below in the

SLS section, these apparent star Mns substantially under-

estimate the true polymer MWs due to the more compact

nature of the star copolymers than that of the linear PMMA

MW standards. The PDIs of the star copolymers were

always lower than 1.3 and those of the linear polymers

lower than 1.4.
3.1.2. Composition

Fig. 4 shows the 1H NMR spectrum of HEGMA10-star-

BzMA10 in CDCl3. The signals from protons e and f of the

monomer repeat units of HEGMA and BzMA, respectively,

were chosen to calculate the copolymer composition. The

results of these calculations are also presented in Table 1.

The star copolymer % w/w composition in BzMA

calculated from 1H NMR is in excellent agreement with

that expected theoretically from the comonomer feed ratio

during synthesis. Thus, for each of the four different star

copolymer architectures, there were three star copolymers

with w/w compositions in BzMA of 33, 50 and 67%. These

compositions are expressed in terms of mass of BzMA units

divided by the total mass of the two comonomer units,

BzMA plus HEGMA. We must recognize, however, that

BzMA was not the only hydrophobic component present in

these star copolymers. The EGDMA core and the fragment

from the MTS initiator in the star copolymers are also

hydrophobic. By correcting the composition calculation to

take into account all the types of hydrophobic units, the

three overall hydrophobic compositions are modified to 39,

53, 70% w/w. These modified compositions are more

appropriate for the interpretation of the emulsification data,

and are the ones reported in section 3.3.
3.1.3. Mws and number of arms

The results are presented in Table 2. The Mws of the star

copolymers obtained by SLS in THF ranged from 130,000

to 720,000 g molK1, approximately 2–13 times higher than

the corresponding Mn values obtained by GPC in THF, as

expected. The number of arms of each star copolymer was

estimated by dividing its Mw obtained from SLS by the

corresponding Mw of the linear copolymer precursor

obtained by GPC, and taking into account the weight of

the EGDMA cross-linker in the star copolymer. The number

of arms of the star copolymers ranged between 20 and 82, in

agreement with the number of arms observed in similar star

polymers also synthesized by GTP [30,31].



Table 1

Molecular weight and composition analysis of the HEGMA-BzMA star copolymers

No. Polymer formula Theor. MWa GPC Results % w/w BzMA

Mn Mw/Mn Theor. 1H NMR

1 HEGMA5 1850 3500 1.19 – –

HEGMA5-b-

BzMA20

5370 8600 1.24 – –

HEGMA5-b-

BzMA20-star

– 116,000 1.19 67 67

2 HEGMA10 3600 6600 1.19 – –

HEGMA10-b-

BzMA10

5360 9000 1.23 – –

HEGMA10-b-

BzMA10-star

– 81,500 1.16 33 32

3 HEGMA8 2900 4600 1.20 – –

HEGMA8-b-

BzMA15

5540 9000 1.24 – –

HEGMA8-b-

BzMA15-star

– 89,000 1.19 50 48

4 BzMA10 1860 3000 1.18 –

BzMA10-b-

HEGMA10

5360 14,400 1.09 –

BzMA10-b-

HEGMA10-star

– 67,000 1.11 33 34

5 BzMA15 2740 2800 1.25 –

BzMA15-b-

HEGMA8

5540 12,300 1.06 –

BzMA15-b-

HEGMA8-star

– 61,300 1.12 50 52

6 BzMA20 3620 3600 1.24 –

BzMA20-b-

HEGMA5

5370 12,400 1.02 –

BzMA20-b-

HEGMA5-star

– 65,000 1.14 67 69

7 HEGMA10 3600 5300 1.24 –

HEGMA10-star – 32,000 1.16 –

HEGMA10-star-

BzMA10

– 53,000 1.15 33 32

8 HEGMA8 2900 3700 1.22 –

HEGMA8-star – 24,500 1.21 –

HEGMA8-star-

BzMA15

– 55,000 1.17 50 49

9 HEGMA5 1850 2900 1.21 –

HEGMA5-star – 20,000 1.28 –

HEGMA5-star-

BzMA20

– 68,000 1.23 67 67

10 HEGMA10-co-

BzMA10

5360 6000 1.37 –

HEGMA10-co-

BzMA10-star

– 53,500 1.15 33 34

11 HEGMA8-co-

BzMA15

5540 6200 1.32 –

HEGMA8-co-

BzMA15-star

– 67,100 1.17 50 51

12 HEGMA5-co-

BzMA20

5370 5400 1.25 –

HEGMA5-co-

BzMA20-star

– 60,000 1.18 67 67

a Contribution from initiator fragment of 100 g molK1 included.
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3.2. Solubilities

All the star copolymers were soluble in p-xylene and

diazinon, while none of them dissolved in water. The water-
insolubility of the star copolymers is in marked contrast

with the water-solubility of their linear counterparts (similar

arm MWs and composition) investigated recently by our

group [27]. In particular, the most hydrophilic linear



Fig. 4. 1H NMR spectrum of the heteroarm star copolymer HEGMA10-star-BzMA10 in CDCl3.
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HEGMA-BzMA diblocks (33% w/w BzMA) readily

dissolved in water, while the more hydrophobic linear

HEGMA-BzMA diblocks with 50 and 67% w/w BzMA

dissolved in water after intense mechanical stirring or

ultrasonication, respectively. This difference can be attrib-

uted to the higher MWs and slightly greater hydrophobic

composition (39, 53 and 70%) of the star copolymers

compared to those of their linear counterparts.
3.3. Emulsion phase diagrams for the HEGMA-BzMA star

copolymers

The twelve HEGMA-BzMA star copolymers were used

to produce xylene–water and diazinon–water emulsions at

different % w/w of the organic phase. The results for the

xylene–water emulsions are shown in Fig. 5, whereas those

for the diazinon–water emulsions in Fig. 6. One particular

characteristic of these star copolymers was that the resulting
Table 2

Calculation of the Mw and the weight-average number of arms of the star copoly

No. Polymer formula Arm Mw by GPC

1 HEGMA10-b-BzMA10-star 11,200

2 HEGMA8-b-BzMA15-star 11,000

3 HEGMA5-b-BzMA20-star 10,700

4 BzMA10-b-HEGMA10-star 11,800

5 BzMA15-b-HEGMA8-star 13,100

6 BzMA20-b-HEGMA5-star 12,700

7 HEGMA10-star-BzMA10 6500

8 HEGMA8-star-BzMA15 4500

9 HEGMA5-star-BzMA20 3500

10 HEGMA10-co-BzMA10-star 8100

11 HEGMA8-co-BzMA15-star 8200

12 HEGMA5-co-BzMA20-star 6800
emulsions were not always of the o/w type as was the case

with the emulsions prepared using the linear diblock

copolymeric emulsifiers prepared and studied recently in

our laboratory [27]. As with the water-solubilities discussed

above, this difference might also be due to the greater

hydrophobicities and the higher MWs of the star copoly-

mers compared to those of the linear diblock copolymers.

Polymer surfactant hydrophobicity is known to be a crucial

characteristic for the resulting type of emulsions. For

example, linear amphiphilic copolymers of poly(sodium

acrylate) grafted with dodecylamine must have a minimum

composition in hydrophobic dodecyl units of at least 75%

w/w to stabilize a w/o water–dodecane emulsion [32,33].

Fig. 5(a)–(c) present the phase diagrams for the xylene–

water emulsions as a function of the % w/w xylene content

in the formulation and the four different architectures for

three different overall hydrophobic compositions of the star

copolymers: (a) 39% w/w, (b) 53% w/w and (c) 70% w/w.
mers

Star Mw by SLS Number of arms

544,000 45

670,000 58

719,000 62

302,000 24

280,000 20

468,000 34

181,000 38

131,000 30

363,000 67

716,000 82

231,000 27

390,000 54



Fig. 5. Phase diagrams for the emulsions as a function of the % w/w xylene

content in the total formulation and the four different architectures of the

star copolymers for three different compositions in hydrophobic (BzMA

plus EGDMA plus MTS) units: (a) 39% w/w, (b) 53% w/w and (c) 70%

w/w. Symbols used for o/w emulsions are as follows. Open circles: stable,

low-viscosity o/w emulsions without excess organic or aqueous phase;

closed circles: stable, high-viscosity (gels) o/w emulsions without excess

organic or aqueous phase; closed triangles within open squares: o/w

emulsions co-existing with excess aqueous phase; open inverted triangles

within closed squares: o/w emulsions co-existing with excess organic

phase. Symbols used for w/o emulsions are as follows. Open hexagons:

stable, low-viscosity w/o emulsions without excess aqueous or organic

phase; closed hexagons: stable, high-viscosity (gels) w/o emulsions without

excess aqueous or organic phase; closed triangles within open hexagons:

w/o emulsions co-existing with excess aqueous phase; open inverted

triangles within closed hexagons: w/o emulsions co-existing with excess

organic phase.

Fig. 6. Phase diagrams for the emulsions as a function of the % w/w

diazinon content in the total formulation and the four different architectures

of the star copolymers for three different compositions in hydrophobic

(BzMA plus EGDMA plus MTS) units: (a) 39% w/w, (b) 53% w/w and (c)

70% w/w. The symbols used are the same as those in Fig. 5.
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The main features of the phase diagram presented in Fig.

5(a) (based on star copolymers with 39% w/w hydrophobic

composition) were the following: at values between 1/4 and

3/2 w/w of the xylene/water ratio, only o/w emulsions

coexisting with excess water phase in the bottom were

observed. The depth of the top emulsion phase (cream layer)

was dependent on the weight fraction of the oil in the

emulsion. In particular, as the weight fraction of xylene
increased, the height of the cream layer also increased. For

xylene/water mass ratios of 4/1 and 9/1, the cream layer in

the emulsions of two star copolymers expanded to occupy

the whole height of the system. The heteroarm star

copolymer and the star copolymer comprising random

copolymer arms were the two star copolymers, which

provided emulsions without excess oil or aqueous phase.

The other two star copolymers, both composed of block

copolymer arms, gave two-phase systems with an o/w

emulsion in the bottom and excess oil on the top. Thus, two

out of the four star copolymers gave low viscosity o/w

emulsions without excess organic or aqueous phase when

the xylene/water ratios were 4/1 and 9/1 w/w.

The emulsion phase behavior of the star copolymers with

53% w/w overall hydrophobic composition is displayed in

Fig. 5(b). With the exception of the heteroarm star

copolymer, all other star copolymers gave o/w emulsions

coexisting with excess water phase in the bottom at values
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between 1/4 and 3/2 w/w of the xylene/water ratio. The

depth of the top emulsion phase was again dependent on the

weight fraction of the oil in the emulsion. As the weight

fraction of the xylene increased, the height of the cream

layer also increased. The heteroarm star gave low-viscosity

o/w emulsions without excess organic or aqueous phase

when the % w/w content of the formula in xylene was 50

and 60%, while the star copolymer in Fig. 5(a) with the

same architecture but a lower composition in hydrophobic

units gave low-viscosity o/w emulsions without excess

organic or aqueous phase at higher values of the xylene/

water ratio (4/1 and 9/1 w/w). At even higher values of the

xylene/water ratio (4/1 and 9/1 w/w), all star copolymers

with 53% w/w hydrophobic composition gave two-phase

systems with emulsions of the w/o type in the bottom and

excess oil on the top. The existence of emulsions coexisting

with excess oil and the fact that they formed reverse

emulsions denoted the inability of these star copolymers to

emulsify in water this large amount of xylene. The phase

inversion observed in the emulsions stabilized with the star

copolymers of this balanced composition (53% w/w

hydrophobic units) when the oil/water ratio changes is

similar to particulate-stabilized emulsions which can be

inverted from w/o to o/w simply by increasing the water/oil

ratio [7]. This similarity can be understood by considering

the compact nature of both star polymers (especially when

the number of arms is large, between 20 and 80, as in this

case) and solid particles, and their similar sizew10–25 nm.

Fig. 5(c) shows the phase behavior of emulsions

stabilized by star copolymers with overall hydrophobic

composition of 70% w/w. All emulsions appearing in Fig.

5(c) are of the w/o type. For the values 1/4 and 2/3 w/w of

the xylene/water ratio, all the star copolymers gave w/o

emulsions coexisting with excess water phase in the bottom.

At 1/1 w/w, three out of the four star copolymers gave w/o

emulsions coexisting with excess water phase in the bottom,

while the fourth gave w/o emulsions coexisting with excess

oil on the top. At higher values (3/2 w/w) there were three

possibilities: either a low viscosity w/o emulsion without

excess aqueous or organic phase, or w/o emulsions

coexisting with excess water phase in the bottom, or a w/o

emulsion co-existing with excess xylene on the top. Finally,

for values 4/1 and 9/1 w/w of the xylene/water ratio, all the

star copolymers gave w/o emulsions coexisting with excess

oil on the top.

The size of the droplets of the xylene–water emulsions

that provided emulsions without excess aqueous or organic

phase was measured using optical microscopy and found to

be in the range between 5 and 20 mm with unimodal size

distributions. This size is smaller than the size of emulsion

droplets stabilized by the linear HEGMA-BzMA diblock

copolymers of our previous study, which ranged between 10

and 30 mm [27]. This indicates that the star copolymers are

capable of stabilizing a greater surface area than their linear

counterparts and are, therefore, more efficient emulsifiers. In

particular, the following sizes were measured for the
droplets of the emulsions stabilized by the star copolymers.

The largest droplets, of 20 mm, were observed in the w/o

emulsions stabilized by the most hydrophobic HEGMA-

BzMA diblock star copolymer, HEGMA5-b-BzMA20-star.

The two more hydrophilic heteroarm star copolymers,

HEGMA10-star-BzMA10 and HEGMA8-star-BzMA15, pro-

vided o/w emulsions with xylene droplets of 10 mm size

(range from 1 to 15 mm). Finally, the most hydrophilic

random copolymer star, HEGMA10-co-BzMA10-star,

resulted in o/w emulsions with the smallest xylene droplets

with a size of 5 mm (0.5–10 mm), suggesting that, from the

star copolymers, this was the most effective emulsion

stabilizer.

Fig. 6(a)–(c) present the phase diagrams for the

diazinon–water emulsions as a function of the % w/w

diazinon content in the formulation and the different

architectures at three different % w/w compositions in

hydrophobic units. The symbols used here are the same as

those used in Fig. 5. The main features of the phase diagram

in Fig. 6(a) were the following: at values between 1/4 and 3/2

w/w of the diazinon/water ratio, with the exception of the

heteroarm star copolymer, all other star copolymers gave

o/w emulsions coexisting with excess water, as was the case

with the xylene/water emulsions in Fig. 5(a). However, the

diazinon/water emulsions differed from the xylene/water at

these organic phase/water ratios in that the excess water was

in the top phase in the former type of emulsion due to the

higher density of diazinon (rZ1.117 g mLK1 [34a]) than

water compared to the lower density of xylene (rZ
0.861 g mLK1 [34b]) than water. At higher values of the

ratio (4/1 w/w) three out of the four star copolymers gave o/w

emulsions coexisting with excess oil, while the random

copolymer star was the exception, giving a low viscosity o/w

emulsion without excess oil or aqueous phase. At the

highest diazinon/water ratio, 9/1 w/w, the same three star

copolymers gave again o/w emulsions co-existing with

excess diazinon, whereas the random copolymer star

provided in this case a high viscosity o/w emulsion without

excess oil or aqueous phase. This was the only high

viscosity emulsion observed with the star copolymers of this

study. All other emulsions stabilized by the present star

copolymers were of low viscosity, an expected character-

istic given the compact nature of star polymers. It is

noteworthy that linear HEGMA-BzMA diblock copolymers

studied recently as emulsifiers in our research group [27]

gave frequently high viscosity emulsions when the organic

phase to water weight ratio was high. Thus, the architecture

of star copolymers results in an important advantage for

their use as emulsifiers over their linear counterparts: that of

lower emulsion viscosity.

Similar to Fig. 5(b), the star copolymers in Fig. 6(b) gave

mostly o/w emulsions coexisting with excess water for

values from 1/4 through 3/2 w/w of the diazinon/water ratio.

The only exceptions were the emulsions formed using the

heteroarm star copolymer as stabilizer. This star copolymer

gave stable, low viscosity o/w emulsions without excess oil
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or aqueous phase for values of the diazinon/water ratio of 2/3

and 1/1, and a w/o emulsion coexisting with excess

diazinon for a 3/2 w/w diazinon/water ratio. At higher

values of the diazinon/water ratio, 4/1 and 9/1 w/w, three

out of the four star copolymers stabilized w/o emulsions

coexisting with excess diazinon, while the random copoly-

mer star was the exception, producing stable, low viscosity

w/o emulsions without excess aqueous or oil phase. The

emulsion inversion observed here at diazinon contents

above 60%w/w was the same as that observed in Fig. 5(b) at

xylene contents above 60% w/w using the same star

copolymers (53% w/w hydrophobic composition) as

stabilizers and this is reminiscent of the particulate-

stabilized emulsions [7].

The main features of the phase diagram in Fig. 6(c) were

the following: at 1/4 w/w of the diazinon/water ratio, only

w/o emulsions coexisting with excess water phase were

observed. At 2/3 w/w of the diazinon/water ratio, three out

of the four star copolymers resulted again in w/o emulsions

coexisting with excess water phase, while the heteroarm star

copolymer gave a stable, low viscosity w/o emulsion

without excess aqueous or oil phase. At values of the

diazinon/water ratio of 1/1 and 3/2 w/w, three possibilities

existed: either w/o emulsions coexisting with excess water

phase, or stable, low viscosity w/o emulsions without excess

aqueous or oil phase, or w/o emulsions coexisting with

excess diazinon. Finally, at higher values (4/1 and 9/1 w/w)

of the diazinon/water ratio, three out of the four star

copolymers gave w/o emulsions coexisting with excess

diazinon, except for HEGMA5-star-BzMA20 that gave

stable, low viscosity w/o emulsions without excess aqueous

or organic phase.

Considering that the best o/w emulsifiers are those star

copolymers that can emulsify the largest quantity of organic

phase in water, resulting in low viscosity o/w emulsions

without excess oil or aqueous phase, it appears from Figs. 5

and 6 that the random copolymer star with 39% w/w

composition in hydrophobic units is the optimal emulsifier.

Moreover, this star copolymer displays the smallest oil

droplets in its emulsions.
4. Conclusions

The successful synthesis of twelve star copolymers of

different architectures and compositions based on the

nonionic, hydrophilic monomer methoxy hexa(ethylene

glycol) methacrylate (HEGMA), the hydrophobic monomer

benzyl methacrylate (BzMA) and the hydrophobic cross-

linker ethylene glycol dimethacrylate (EGDMA) was

presented. The apparent molecular weights and molecular

weight distributions of the linear precursors were charac-

terized by gel permeation chromatography (GPC) in

tetrahydrofuran (THF), while their compositions were

confirmed by proton nuclear magnetic resonance (1H

NMR) spectroscopy. Moreover, all the star copolymers
were characterized using static light scattering (SLS) in

THF, from which the absolute weight-average molecular

weight, Mw, was calculated, and the weight-average number

of arms was estimated. After polymer characterization,

xylene–water and diazinon (pesticide)–water emulsions

were prepared using the above star copolymers as stabilizers

at 1% w/w polymer concentration and at different overall

organic phase/water ratios. Unlike their linear counterparts,

the emulsions of the star copolymers displayed low

viscosities. Among the star copolymers, the most hydro-

philic (bearing 39% w/w hydrophobic units) random star

and heteroarm star copolymers exhibited the highest

capacities in organic phase in their o/w emulsions, with

the former being more efficient because it resulted in smaller

droplet sizes. The more hydrophobic star copolymers (70%

composition in hydrophobic units) proved to be appropriate

for the stabilization of w/o emulsions. The star copolymers

with the balanced composition (53% w/w hydrophobic

units) displayed a particulate-emulsifier behavior in which

the emulsion type was determined from the organic/water

ratio.
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