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a b s t r a c t

A novel photoreactor to facilitate electrosteric stabilization of colloidal polymer particles is presented.
Anionic and cationic polystyrene particles having a diameter of ca. 100 nm and bearing a thin layer of
photoinitiator are used as seed colloids. Anionic and cationic chains of weak or strong polyelectrolytes are
grafted onto the surface of these particles. The polyelectrolyte chains are densely tethered onto the surface
of the polymer particles. For this purpose, a commercial photoreactor setup developed for water and
liquid waste treatment has been adapted. Compared to the photoreactor used earlier for photoemulsion
polymerization, the new reactor largely shortens the reaction times and improves the reproducibility of
the reaction. This is achieved by the higher UV power and controlled radiation times and power.

© 2008 Elsevier B.V. All rights reserved.
Emulsion polymerization
Photopolymerization
Electrosteric stabilization
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. Introduction

Colloidal suspensions have found an almost unlimited broad
ange of technical applications in paper, leather, textile and
onstruction industry but also in medicine and pharmacy [1].
mongst others, they serve as coatings, inks, paints, lubricants,
dhesives and foams [1]. The modification of the surface of
olloidal particles is of wide interest to provide specific interac-
ions among the particles or towards the external environment.
n particular, the large interfacial area of colloidal particles
equires sufficient stabilization to prevent phase separation and
oagulation [2].

Stable colloidal suspensions can be achieved by incorporating
onic groups onto the particles or adsorbing surfactant molecules
3]. However, electrostatic stabilization is only operative at
ow ionic strength. A second kind of stabilization is achieved by
ither adsorbing or grafting polymer chains onto the surface of
olloidal particles [4–6]. Non-ionic steric stabilization allows stabi-

ization at high concentrations of added salt, which is required in

any technical applications [1]. Combining both, electrostatic and
teric stabilization, is a very effective way to stabilize colloidal sus-
ensions [7,8]. The so-called electrosteric stabilization is provided
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y dense polyelectrolyte brushes grafted onto the surface of the
olloidal particles [9–11].

Polyelectrolyte brushes can be created by physisorption of poly-
lectrolytes or copolymers bearing one polyelectrolyte block onto
he surface [12–14]. A stronger attachment to the surface is pro-
ided by chemically grafted polyelectrolytes [15]. Two techniques
ave been applied to synthesize surface grafted polymer brushes:
reformed polymers of a desired end functionality are reacted
ith functional groups on the surface [10]. Due to the steric hin-
rance among the preformed polymers, a limited grafting density

s attained by this “grafted to” method. This is avoided by surfaces
earing initiator functionalities, which are suitable for the brush
ynthesis from the surface [10]. Biesalski and Rühe used this “graft-
ng from” method to synthesize polyacid brushes on planar surfaces
16]. Ballauff and coworkers prepared spherical polyelectrolyte
rushes (SPB) consisting of either weak or strong polyelectrolytes
nto the surface of polymer particles by free radical polymerization
Fig. 1) [17–19]. This technique is termed photoemulsion polymer-
zation. It has been shown that these colloidal particles stabilised
y polyelectrolyte brushes are stable even at high amounts of added
alt and over a wide pH range [20,21]. Moreover, the SPB have

lready found various possible technological applications as car-
ier for proteins [22–24], catalytically active metal nanoparticles
18,25] and retention agents [26] for papermaking.

This wide range of applications created a high demand for SPB
o further explore the properties of the material. Thus, we were

http://www.sciencedirect.com/science/journal/13858947
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ig. 1. The SPB consist of solid polystyrene particles of ca. 100 nm diameter bearin
olyelectrolytes such as PAA and PAEMH are attached, the degree of charges of the S
articles is influenced by the external pH. However, if chains of the strong polyelect
n the pH.

ooking for a technique, which facilitates the process of photoemul-
ion polymerization. We assigned the reaction described in Ref.
17] to a commercial UV reactor system (aqua concept Laboclean LC
orschungsreaktor, Karlsruhe, Germany), which has been designed
or water and liquid waste treatment, i.e., applications, that involve
arge throughputs or poor transmission (Fig. 2b). After adaptation

o the present purpose, this novel reactor largely improves the
fficiency of the photoemulsion polymerization by reduced reac-
ion times, larger scales and reproducible reaction conditions. A
etailed study on the formation of polyelectrolyte brushes onto
odel latexes using the novel UV reactor is presented.

t
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s
(

ig. 2. Photoreactor systems used to conduct photoemulsion polymerization: the schema
ressure mercury lamp (TQ 150 Z3, Heraeus Noblelight, Hanau, Germany; range of wave len
as directly placed in a 650 ml reactor glass vessel. The right-hand illustration gives a sch
arlsruhe, Germany) used in the present study. The suspension circulates continuously f
educed to 500 W) and via a condenser back into the reservoir. This setup allows for variab
f the suspension allows for a highly turbulent flow and prevents the formation of depos
ccuracy of the UV irradiation.
nse layer of tethered anionic (a) or cationic polyelectrolytes (b). If chains of weak
ends strongly on the pH, and as a consequence the electrostatic stabilization of the
s PSS and PEDMB are bound, the amount of charges onto the SPB does not depend

. Experimental

.1. Materials

Purification of styrene (BASF, Ludwigshafen, Germany) was
ccomplished by washing with 10 wt% NaOH solution to remove
he inhibitor followed by distillation under reduced pressure.

crylic acid (AA, Sigma–Aldrich, Buchs, Switzerland) was dis-

illed under reduced pressure to remove the inhibitor. Sodium
tyrene sulfonate (NaSS), N,N-dimethylaminoethyl methacrylate
DMAEMA), potassium persulfate (KPS), sodium dodecylsul-

tic representation on the left shows the reactor used by Guo et al. [17]. A medium
gths 200–600 nm, power consumption 150 W) surrounded by a cooling quartz tube
ematic rendition of the UV reactor (aqua concept Laboclean LC Forschungsreaktor,

rom a reservoir (here: 3000 ml) into a UV radiation chamber (power consumption
le batch sizes that only depend on the size of the reservoir. Continuous circulation
its. Moreover, the electronic performance of the UV module enables a repetitious
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ate (SDS), cetyltrimethylammonium bromide (CTAB), �,�′-
zodiisobutyramidine dihydrochloride (V-50) and methacrylic
cid hydrochloride were purchased from Sigma–Aldrich (Buchs,
witzerland) in analytical grade and used without further purifi-
ation. 2-Aminoethylmethacrylate hydrochloride (AEMH) was
btained from Polysciences (Heidelberg, Germany) and Irgacure
959 was provided by courtesy of Ciba Specialty Chemicals (Lam-
ertheim, Germany). Deionized water obtained from a reverse
smosis water purification system (Academic A10, Millipore,
chwalbach, Germany) was used throughout the entire studies. All
ther chemicals and solvents were of analytical grade and were
sed as received.

.2. Synthesis of HMEM and EDMB

The photoinitiator (HMEM) was prepared by a Schotten–
aumann reaction of Irgacure 2959 and methacrylic acid
ydrochloride as described in Ref. [17]. Purification was achieved
y column chromatography on silica gel. The purity of the prod-
ct was verified through NMR spectroscopy (AC 250, Bruker,
arlsruhe, Germany). N-Ethyl-N,N-dimethylaminoethyl methacry-

ate bromide (EDMB) serving as monomer in the synthesis of
he cationic brushes was prepared, purified and characterized as
escribed in Ref. [27].

.3. Synthesis of the PS core

The synthesis of anionic and cationic PS latex particles bear-
ng a thin layer of photoinitiator was accomplished by emulsion
olymerization using a 3 L double-jacket glass rector (Büchi Glass,
ster, Switzerland) which was heated through a thermostat (R400
auda, Lauda-Königshofen, Germany). In a typical synthesis batch
f anionic PS particles, 521 g of freshly distilled styrene was added
o a solution of 7.28 g of SDS in 2.17 L of water. The mixture
as deoxygenated by several vacuum/nitrogen purge cycles and
rought gradually to 80 ◦C under N2 atmosphere and continuous
tirring (320 rpm). The polymerization was initiated by addition of
.04 g KPS dissolved in 50 mL of water. After 1 h, the turbid suspen-
ion was cooled to 70 ◦C. A solution of 29.16 g HMEM dissolved in
2.4 ml of acetone was added dropwise (0.2 mL/min) to the suspen-
ion and the reaction was continued for a further 5 h.

The preparation of the cationic PS particles was performed along
he same lines. Briefly, 208 g of styrene were added to a solution
f 2.65 g CTAB in 846 mL of water. After several vacuum/nitrogen
urge cycles the reaction mixture was heated to 80 ◦C. Twenty min-
tes after addition of the initiator (0.87 g V-50 dissolved in 100 mL
f water) the suspension was cooled to 70 ◦C and 11.6 g of HMEM
issolved in 12.2 mL acetone were added (0.2 mL/min). The reac-
ion was carried out under nitrogen atmosphere and continuous
tirring (300 rpm) for 6 h.

All PS-co-HMEM latexes were filtrated through glass wool
nd purified by exhaustive ultrafiltration (cellulose nitrate mem-
rane, pore diameter 50 nm, Schleicher & Schuell, Dassel, Germany)
gainst water prior to the grafting of the brushes.

.4. Grafting of the polyelectrolyte brushes

The photopolymerization was carried out in a high-performance
V reactor setup (aqua concept Laboclean LC Forschungsreaktor,
arlsruhe, Germany) consisting of a UV radiation chamber, circu-
ation pump and a 3000 mL reservoir with condenser (Fig. 2b). The
pectrum of the light emitted by the Hg medium pressure lamp
omprises a number of wavelengths in the range of 200–600 nm.
he emission in the UV range between 200 and 300 nm is rein-
orced. The broadband spectrum the lamp offers makes the device
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ing Journal 144 (2008) 138–145

uitable for many applications such as disinfection, curing of paints
nd lacquers and other photochemical tasks. Here this setup is
sed for the buildup of polyelectrolyte brushes on the surface of
S latexes. Briefly, 50 g PS-co-HMEM particles suspended in 2 L of
ater were placed into the reservoir. External cooling by water

ecirculation (UWK 140/TP2, Thermo Haake, Karlsruhe, Germany)
ept the temperature of the suspension below 32 ◦C. The desired
mount of water-soluble monomer (AA, NaSS, AEMH or EDMB) was
dded and the reaction mixture was deoxygenated by several vac-
um/nitrogen purge cycles. Every 5 min, minute amounts of the
uspensions were taken to study the increase in brush thickness
uring the 30 min of UV irradiation.

.5. UV power of the photoreactor

The UV power of the Hg medium pressure lamp was determined
very 10 operating hours. The rate of the UV-induced decomposi-
ion of hydrogen peroxide was used as a measure for the UV power.
riefly, 3000 mL of 0.2 M hydrogen peroxide solution were irradi-
ted for 15 min under permanent external cooling at 8 ◦C. In regular
ntervals minute samples were taken. The concentration of hydro-
en peroxide in the samples was determined by cerimetric titration
ith 0.002 M Ce(IV) solution and ferroin as indicator. The rate of

he decomposition of hydrogen peroxide normalized to the output
ower of the lamp of 500 W was in the range of 2.1 mol H2O2 per
Wh.

.6. Methods

Cryogenic transmission electron microscopy (cryo-TEM) spec-
mens were prepared by vitrification of thin liquid films of the
uspensions supported by a copper grid (600 mesh, Science Ser-
ices, Munich, Germany) in liquid ethane. The specimen was
nserted into a cryo-transfer holder (CT3500, Gatan, Munich, Ger-

any) and transferred to a Zeiss EM922 EFTEM (Zeiss NTS GmbH,
berkochen, Germany) operating at an accelerating voltage of
00 kV. Images were recorded digitally by a CCD camera (UltraScan
000, Gatan) and processed with a digital imaging system (Digital
icrograph 3.9, Gatan). More detailed information can be found in

ef. [19].
The distributions of the core particle sizes were recorded on

disc centrifuge (BI-DCP, Brookhaven Instruments Corporation,
oltsville, USA) and by transmission electron microscopy (TEM,
7, Hitachi High-Technologies, Krefeld, Germany). Dynamic light

cattering (DLS) measurements were performed on an ALV-4000
ALV, Langen, Germany) light scattering goniometer equipped with
He–Ne laser (uniphase 1145P-3083, Manteca, USA) which pro-

ides a wavelength of 632.8 nm, and an ALV-5000 multiple tau
igital correlator (ALV). Hydrodynamic radii were obtained by a
umulant analysis [28] from the correlation functions.

Conductometric titration (Cond 197i, WTW, Weilheim, Ger-
any) was employed to determine the total mass of polymer

hat has been attached to the polystyrene particles during pho-
oemulsion polymerization (see Table 1). This method was based
n the change in the electric conductance during acid–base titra-
ion or precipitation of hardly soluble silver salts. Minute amounts
f the suspension were purified by exhaustive ultrafiltration against
ater. The carboxylic groups of the PAA brushes were titrated

gainst standard solutions of sodium hydroxide. The amount of
ationic polymers was determined by titration of the bromine or

hloride counterions against a standard solution of 0.1 M AgNO3.
he results were verified by elementary analysis (Vario EL III,
lementar Analysengeräte, Hanau, Germany). The amount of PSS
hains was quantified gravimetrically. To that end, the amount
f solid present in the suspension was determined before and
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Table 1
Parameters of the model latexes used in the present study

SPB Ra Lc
b Lwater

c Mn
d Mw

e PDIf mPS/mPEL
g � (nm−2)h

PAA1 50 – 75 – – – 12.7 –
PAA2 50 79 75 13,600 30,000 2.2 8.1 0.13
PAA3 50 51 62 11,300 20,000 1.7 9.4 0.13
PAA4 50 – 112 – – – 9.2 –
PAA5 56 – 17 – – – 12.0 –
PSS1 56 – 65 – – – 2.7 –
PSS2 56 – 120 – – – 2.1 –
PAEMH1 45 68 54 16,000 31,000 1.9 8.5 0.11
PDMAEMA1 45 89 85 12,700 25,000 2.0 11.3 0.14
PEDMB1 45 75 68 15,000 35,000 2.3 9.7 0.13

The nomenclature of the SPB refers to the type of tethered polyelectrolytes (PAA1-5: poly(acrylic acid); PSS1-2: poly(styrene sulfonate); PAEMH1: poly(2-
aminoethylmethacrylate hydrochloride); PDMAEMA1: poly(N,N-dimethylaminoethyl methacrylate); PEDMB1: poly(N-ethyl-N,N-dimethylaminoethyl methacrylate
bromide).

a Radius of the PS core.
b Contour length of the grafted polyelectrolyte chains.
c Brush thickness in water.
d Number-average molecular weight.
e Weight-average molecular weight of the polyelectrolyte chains.
f
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Polydispersity index (Mw/Mn).
g Mass composition mPS/mPEL of the SPB where mPS and mPEL are the masses of th
h Grafting density (number of chains per core surface).

fter exhaustive ultrafiltration against water. The loss of solid dur-
ng purification gives the amount of free PSS chains or unreacted

onomers. Hence, the mass of tethered PSS chains is obtained as
he difference between the mass of added NaSS and the mass of the
emoved solid.

To determine the molecular weight of the tethered chains, the
rafted chains were cleaved off from the polystyrene particles. The
nchoring groups of the attached polyelectrolyte chains contain
n ester bond which stems from the former photoinitiator (Fig. 3).
hese ester bonds were hydrolysed in the presence of strong aque-
us bases. To that end, the SPB particles were suspended in 2 M
aOH and kept at 120 ◦C for 14 days. Such a rather harsh treatment
as necessary since negative coions such as the hydroxide ions are

xpelled from anionic brushes [29]. The latex particles were sepa-
ated from the cleaved polyelectrolyte chains by filtration through

cellulose nitrate membrane of 50 nm pore size (Schleicher &
chuell) after neutralisation with hydrochloric acid. The removal
f the large amount of added salt was accomplished by exhaus-
ive ultrafiltration (regenerated cellulose membrane, MWCO 5000,

illipore) against deionized water. The completeness of the purifi-
ation was monitored through the conductance of the filtrate.
he purified polyelectrolyte chains were freeze-dried and ana-

yzed using a Viscotek (Weingarten, Germany) triple-detection
ize-exclusion chromatography (SEC) system.

. Results and discussion

The objective of the present study is to demonstrate the suit-
bility of a novel UV reactor for photoemulsion polymerization. The
eaction itself was carried out along the lines given in Ref. [17]. Fig. 3
ives a schematic view on the individual stages of the synthesis
f latex particles bearing densely packed polyelectrolyte brushes.
riefly, a narrow-dispersed PS latex is prepared by emulsion poly-
erization [30]. In the stage of particle growth a copolymerizable

hotoinitiator is added to the PS seed particles under starved con-
itions [20]. Here HMEM was used as a model photoinitiator. Other

hotoinitiators that are polymerizable could be used as well [31].
MEM is a vinyl monomer (Fig. 3) itself, but it is less hydrophobic

han styrene. Thus, a thin shell of photoinitiator is formed onto the
urface of the latex particles as the result of the copolymerization
f styrene and the polymerizable photoinitiator. In the final step a

t
s
t
t
i

ore and polyelectrolyte shell, respectively.

ater-soluble monomer is added and the suspension is irradiated
y UV light. Radicals formed on the surface of the latex particles
nitiate the polymerization of the water-soluble monomer which
esults in polymer brushes covalently attached to the latex parti-
les (Fig. 3). One would expect that the strong turbidity of the PS
atex might present a severe limitation for a photoreaction. How-
ver, the turbidity is even essential for the photopolymerization.
his was explained by multiple elastic scattering of the UV light
ithin the suspension which allows the photoreaction to take place

20].
The decomposition of the photoinitiator moieties on the surface

f the latex particles gives not only rise to surface-bound radicals
ut also to free radicals in solution (Fig. 3). The free polymer chains

n solution thus obtained are removed from the suspension by ultra-
ltration against water. This is necessary to obtain a well-defined
odel system for the studies described below.

.1. Preparation of PS particles bearing photoinitiator moieties

Both anionic and cationic polyelectrolyte brushes should be
ttached onto PS latex particles to probe the versatility of the
hotoemulsion polymerization as a tool to stabilize latex parti-
les (Fig. 1). Thus, the PS particles that serve as carrier for the
rushes and the monomer used to form the tethered chains must
e like-charged. Otherwise electrostatic interactions among the PS
articles and the growing polyelectrolyte chains would result in
oagulation of the suspension. Thus, anionic and cationic PS latexes
ere synthesized following the procedure described above. The

mounts of surfactant and initiator were chosen to obtain parti-
les with diameters near 100 nm. The ionic nature of the initiator
KPS or V-50) leads to ionic groups on the surface of the PS particles
hich give the particles sufficient electrostatic stability prior to the

rafting of the polyelectrolyte layer. The emulsion polymerization
s carried out in a batch process at 80 ◦C until most of the styrene
as reacted. Then the copolymerizable photoinitiator HMEM was
dded under starved conditions at 70 ◦C. At this stage of the reaction

he PS particles are still swollen with styrene. Copolymerization of
tyrene and HMEM yielded a thin solid layer of photoinitiator onto
he latex particles. Morphological studies by small angle X-ray scat-
ering (SAXS) indicated that the thickness of the photoinitiator layer
s in the order of two nanometers [15]. Thus, a well-defined thin
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Fig. 3. Preparation of latex particles stabilised with long polyelectrolyte chains: at first polystyrene spheres were prepared by emulsion polymerization. The PS particles
were coated with a thin layer of a polymerizable photoinitiator at a given conversion of styrene. The seed particles were extensively purified by ultrafiltration against water.
Water-soluble monomers such as acrylic acid or styrene sulfonate were added. UV irradiation of the suspension led to surface-bound radicals and free radicals in solution.
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oth types of radicals initiated the polymerization of the water-soluble monomer. H
olution were obtained. The free chains in solution were removed by exhaustive u
an be made by this technique.

hotoinitiator layer was obtained by this procedure. The size dis-
ribution of the PS particles was determined using an analytical disc
entrifuge. The average diameter of the particles was in the order
f 100 nm (Table 1). The polydispersity in particle size expressed as
he weight-average diameter divided through the number-average
iameter was less than 1.02. Since the PS particles are quite uni-
orm in size, they are suitable seed particles for the built-up of
ell-defined core–shell particles during the photoreaction.

.2. Synthesis of the spherical polyelectrolyte brushes:
hotoemulsion polymerization

The UV lamp of the photoreactor used in Ref. [17] was directly
mmersed into the suspension (Fig. 2a). Thus the volume was fixed
y the size of the reaction vessel (650 mL) circumventing the UV
odule. In the present setup the reaction mixture circulates con-

inuously from the reservoir into the UV radiation chamber and via
condenser back into the reservoir (Fig. 2b). The circulation of the

uspension guarantees a highly turbulent flow and prevents the
ormation of deposits in the reactor. The electronic performance
f the UV module allows for repetitious accuracy of the irradia-

ion time and power. At regular intervals the power of the UV lamp
as determined through the UV-induced decomposition of hydro-

en peroxide. To ensure comparable reaction conditions the anionic
nd cationic brushes were prepared under similar UV powers of ca.
.1 mol of decomposed H2O2 per kWh.

o
n
s
t
b

, both polyelectrolyte chains anchored onto the PS seed particles and free chains in
ration. Cryo-TEM micrographs demonstrate that well-defined core–shell particles

The PS-co-HMEM latex particles were used as seeds to con-
uct polymerization in the suspension of the particles comprising a
ater-soluble monomer. The content of seed particles was fixed to
.5 wt%. The highest concentration of monomer used in the exper-

ments was 0.15 M. These concentration limits helped to prevent
he recombination of growing polyelectrolyte chains attached to
ifferent latex particles and thus the formation of a network of
rosslinked particles. The formation of individual particles of well-
efined core–shell morphology under these premises becomes
vident in the cryo-TEM images (Fig. 3).

Minute samples of the suspensions were taken during the
hotoemulsion polymerization to study the formation of the poly-
lectrolyte brushes onto the latex particles. DLS is well suited to
tudy the thickness of SPB [20]. The hydrodynamic thickness of the
rush layer is obtained by subtraction of the hydrodynamic radius
f the SPB at a given reaction time from the radius of the seed par-
icles. Fig. 4a contains data for the built-up of PAA brushes. The
ormation of the brush layer starts right after the UV radiation is
tarted. A rapid increase of the brush thickness is obtained during
he first minutes of irradiation. The reaction is completed after only
0 min of polymerization, i.e., maxima of the brush thickness and

f the monomer conversion are attained. However, 240 min were
ecessary to come at the same stage of the polymerization with the
etup used by Guo et al. (cf. Fig. 2 of Ref. [17]). Hence, the new reac-
or largely shortens the reaction times, which is mainly achieved
y the increase of the UV power from 150 to 500 W.
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Fig. 4. (a) Hydrodynamic thickness L of brushes composed of PAA as the function of the reaction time t. Parameter is the amount of photoinitiator used in the synthesis of the
PS-co-HMEM seed (squares: PAA1 0.5 mol% HMEM; down triangles: PAA4 1.0 mol% HMEM; up triangles: PAA3 2.0 mol% HMEM; circles: PAA2 4.0 mol% HMEM in respect of the
content of styrene units of the core particles). The amount of acrylic acid was the same (40 mol% in regard to the content of styrene units of the core). Latex PAA5 (diamonds)
was prepared using the same PS-co-HMEM seed as for PAA2. The lower brush thickness results from the lower amount of acrylic acid added (25 mol%). (b) Conversion of
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xperiments, namely the increase in particle size measured by DLS and the monome
ime of 30 min.

The thickness of the brush layer L is governed by the osmotic
ressure of the counterions of the polyelectrolyte chains [20,32].
he absolute number of counterions within the brush increases
ith the contour length Lc and grafting density � of the polyelec-

rolyte chains. The brush thickness shown in Fig. 4a is governed by
wo opposing phenomena. In principle, the brush thickness should
ncrease with the content of photoinitiator moieties as higher graft-
ng densities increase the concentration of counterions entrapped

ithin the brush. On the other hand, the monomer-to-initiator
atio decreases as the total amount of monomer is kept constant
n all experiments. Moreover, since DLS radii are dominated by
he longest chains of the brush, the polydispersity of the tethered
hains has an additional impact on the brush height. This is dis-
ussed in conjunction with Fig. 5. Thus, an exact interpretation of
he brush heights shown in Fig. 4a as the function of photoinitiator

oieties and monomer concentration is rather difficult. However,
f the photoinitiator content of the seed particles is kept constant,
lower monomer concentration yields a lower brush height as
xpected (see system PAA2 vs. PAA5 in Fig. 4a).

The total conversion of acrylic acid was determined through
he content of solid in the suspension. To this end, the samples

ig. 5. Molecular weight distributions (MWD) of sodium polyacrylate chains cleaved
rom PAA2 (dashed line) and PAA3 (solid line). The average molecular weights and
olydispersity indices are gathered in Table 1. The polydispersities close to 2 are
ypical for a free radical polymerization.
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ds to a higher total conversion of monomer (squares: PAA1 0.5 mol% HMEM; down
ol% HMEM in respect of the content of styrene units of the core particles). Both

ersion, clearly indicate that the formation of the brush is completed after a reaction

f the suspension taken during the photoreaction were subdivided
nto amounts of 2 g. The volatile monomer and water was removed
nder reduced pressure at 80 ◦C. The conversion of acrylic acid was
btained as the difference between the total content of solid and
he content of added seed particles (2.5 wt%) divided by the initial
ontent of acrylic acid. The percentage of consumed acrylic acid
omprises both PAA chains attached to the latex particles and free
AA chains in solution.

The monomer conversion (Fig. 4b) shows the same character-
stics as the brush thickness L with reaction time t (Fig. 4a). The
onsumption of acrylic acid proceeds very fast at the earlier stages
f the irradiation and a plateau value is attained after 15 min. The
lateau consumption increased with the content of photoinitiator
f the seed latex. A higher percentage of consumed monomer is also
btained if less monomer is added (not shown). For all five reactions
tudied the monomer consumption did not exceed 80%. Hence, the
eaction is terminated without full consumption of acrylic acid. This
oes not mean that an excess of monomer was added since a higher
rush thickness was obtained at higher monomer concentration
Fig. 4a). In fact, the mechanisms that terminate the growing of the
hains on the seed particles should bring about incomplete conver-
ion of monomer. These mechanisms are not known in detail. Such
echanisms might involve recombination with free chain radicals

rown in solution or short-chain radicals. The latter ones could be
ormed by side reactions during photoirradiation [31].

Since the photoinitiator is decomposed into surface-bound rad-
cals and free radicals in solution, free polyelectrolyte chains are
ormed during the photopolymerization. The free chains were
emoved by exhaustive ultrafiltration against water. This purifi-
ation step was used to determine the composition of the PSS
rushes, i.e., the mass ratio of polystyrene to grafted polyelec-
rolyte (mPS/mPEL). For this purpose the content of solid in the
uspension before and after the removal of unbound PSS chains was
etermined. The difference between the mass of sodium styrene
ulfonate added to the seed latex and the mass of free PSS chains is
he mass of PSS attached to the latex particles. The relative exper-

mental error of mPS/mPEL is 5% based on the relative error of the
olid content of 0.4% and taking weighing errors and mass losses
uring synthesis and purification into account.

A different approach was applied for the brushes composed of
AA since the molar mass of acrylic acid is lower than the one of
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odium styrene sulfonate. mPS/mPEL was determined by conduco-
etric titration of the carboxyl groups. The relative experimental

rror is 4%. The mass ratio mPS/mPEL obtained for the PAA and PSS
rushes are summarized in Table 1. Between 29 and 52% of the total
onomer is consumed to build up the polyelectrolyte brush. This

ercentage increases with the HMEM content of the seed latex and
ecreases with the initial monomer concentration. Division of this
ercentage by the total fraction of monomer consumed during the
hotoemulsion polymerization gives the ratio of PAA tethered to

atex particles to free PAA (Table 1). Depending on the experiment,
etween 1.1 and 1.8 chains of PAA were grafted to the seed particles
ith respect to one free chain. One would expect a one-to-one ratio

ince the photoinitiator is decomposed into two radicals. However,
ecombination of free chain radicals with tethered chain radicals
ecreases the amount of free chains.

More specific information on the grafted polyelectrolyte chains
s obtained through cleavage of the chains from the latex particles
nd characterization of the cleaved chains by SEC. We restricted
uch an analysis to selected samples (Table 1) since a large amount
f the suspension is consumed to obtain a reasonable quantity of
leaved polyelectrolyte. The former photoinitiator moieties which
erve now as anchor groups of the polyelectrolyte chains bear an
ster group (Fig. 3). The hydrolysis was achieved over 15 days in the
resence of 2 M NaOH at 120 ◦C [17]. The cationic chains comprising
ster bonds in their monomer units (Fig. 3) were hereby converted
nto PAA chains. The average molecular weight and the polydis-
ersity of the cleaved polyelectrolyte chains were obtained by SEC
Fig. 5). Polydispersity is defined as the weight-average molecular
eight Mw divided by the number-average molecular weight Mn.

he Mw/Mn values of the grafted polyelectrolyte chains are in the
ange of 2, as expected for a radical polymerization (Table 1).

Fig. 5 contains the molecular weight distributions of PAA cleaved
rom two different SPB. The grafting density � is the same for
oth systems. The PAA chains cleaved from PAA3 show a quite
arrow-dispersed molecular weight distribution for a radical poly-
erization. The distribution of the PAA chains of PAA2 exhibits a

houlder at higher molecular weights. This is explained by a recom-
ination of free chain radicals with chain radicals grafted to the

atex particles as already discussed above. Since chain termination
s brought forth by radicals of low-molecular weight as well, the
houlder at higher molecular weight might be less distinctive in
ome experiments. The brush thickness was determined by DLS.
ince DLS radii are mainly governed by the longest chains of the
rush layer [20], PAA2 exhibits a higher brush thickness than PAA3
ue to the fraction of PAA chains of higher molecular weight (Fig. 5).

From the number-average molecular weight Mn, the contour
ength Lc is obtained as the product of the number of monomer
epeat units and the distance of two C–C bonds of 0.25 nm. The
rafting density � could be calculated as well since the average
olecular weight Mn and the total mass of polyelectrolyte chains

er particle expressed in mPS/mPEL are known. The grafting den-
ities obtained were in the range of 0.13 polyelectrolyte chains
er nm2 surface of the latex particles, i.e., 4000 polyelectrolyte
hains were covalently attached per latex particle of 100 nm diam-
ter. The distance between two grafting points is 3 nm. Since the
hotoemulsion polymerization allows coating latex particles with
densely packed polyelectrolyte layer, dispersions of the result-

ng particles are electrostatically stabilised in an efficient manner.
uch work has been devoted to the stabilizing nature of polyelec-

rolyte brushes [7,9,32–34]. This effect can be directly measured

sing a surface force apparatus [35]. The cryo-TEM images demon-
trate that the polyelectrolyte chains are strongly stretched (Fig. 3).
his is demonstrated in more detail in Ref. [19]. The fact that the
ethered chains are strongly stretched together with the thickness
f the densely packed layer of several tens of nanometers gives the

[

ing Journal 144 (2008) 138–145

articles sufficient stabilization since aggregation among particles
ould demand a compression of the brush layer.

The novel photoreactor was designed for lab-scale experiments.
s mentioned above it allows the fabrication of up to 100 g SPB

n just 30 min. This amount could be further increased by using a
arger reservoir. Such a quantity should be enough for most exper-
mental studies. Larger UV reactors based on the same principle
s the high-performance lab-reactor are commercially available
hich provide flow rates from 5 up to 1000 m3/h (aqua concept,
arlsruhe, Germany). Hence, such reactors would allow the electro-
tatic stabilization of several tons of particles per day for industrial
pplications. The production of the precursor latex particles does
ot present a limiting step for industrial applications since these
articles can be made by emulsion polymerization which is a stan-
ard technique for the production of such particles [1]. The seed
articles with sizes from 50 up to 300 nm can be made from all
onomers such as styrene, vinyl acetate, vinyl chloride or acry-

ates that undergo radical polymerization, and which are hardly
oluble in water [1,30]. Moreover, the need for a photoinitiator
hat is copolymerizable should not present an obstacle as well
ince such compounds are used in the coating industry for solvent-
ree lacquers [31]. In the present study, the photoinitiator HMEM
as obtained through a one-step chemical modification of such

n photoinitiator (Irgacure 2959, Ciba Specialty Chemicals, Lam-
ertheim, Germany). Other copolymerizable photoinitiators that
re poorly soluble in water such as benzoin acrylate can be used
s well [31]. Hence, the photopolymerization presents a versatile
echnique since the chemical composition and dimensions of the
articles can be adjusted in a wide range.

. Conclusion

In conclusion, affixing long polyelectrolyte chains to polymer
articles by photoemulsion polymerization opens new perspec-
ives for stabilised polymer suspensions. In principle, chains of any
ater-soluble vinyl monomer can be attached to colloidal particles
earing photoinitiator moieties. Hence, the technique presents a
ersatile tool to stabilize colloidal particles but also allows specific
urface functionalization. The novel photoreactor helps to further
xplore the potential of this technique since a better control of
he photoreaction is achieved, along with shorter irradiation times.

oreover, the flow-through UV module enables large-scale reac-
ion processing. This renders the technique promising for industrial
pplications that involve stabilised colloids.
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