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ABSTRACT  

 

We report the first nitroxide-mediated synthesis of multipod-like silica/polymer latexes by 

polymerization-induced self-assembly (PISA) of amphiphilic block copolymers in aqueous 

emulsion. A water-soluble brush-type PEO-based macroalkoxyamine initiator composed of 

poly(ethylene oxide) methacrylate and a small amount of styrene (P[(PEOMA950)12-co-S1]-

SG1, Mn = 11 700 g mol
-1

 and Mw/Mn = 1.11) was synthesized and physically adsorbed on the 

surface of silica particles through hydrogen bonding interactions. The adsorbed 

macroalkoxyamine initiator was subsequently employed to initiate the emulsion 

polymerization of n-butyl methacrylate with a small amount of styrene under mild conditions 

(85 °C). Kinetic analysis indicates that the polymerizations exhibit the same behavior (i.e. the 

same reaction rates and the same level of control) as those reported in our previous work in 

the absence of silica under otherwise similar experimental conditions (Qiao et al. 

Macromolecules 2013, 46, 4285-4295). This observation is fully consistent with a PISA 

process taking place at the silica surface. The resulting self-assembled block copolymers 

formed polymer nodules randomly distributed around the central silica spheres. Varying the 

macroinitiator concentration or the silica particle size enabled the successful formation of 

hybrid particles with dumbbell-, daisy- or raspberry-like morphologies using this new 

surface-PISA process. 

 

Keywords: Silica, controlled radical polymerization, emulsion polymerization, 

polymerization-induced self-assembly, amphiphilic block copolymers, nitroxide-mediated 

polymerization, poly(ethylene oxide) methyl ether methacrylate, multipod-like morphology  
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INTRODUCTION 

 

Colloidal particles with complex shapes such as triangles, pyramids, rods, cubes, 

nanodisks, star-like, peanuts and other sorts of exotic geometries have attracted considerable 

attention in the past few years.
1-4

 Such complex particles with well-defined compositions and 

morphologies can find applications in many areas of colloid science and are very promising 

building blocks for the elaboration of functional advanced materials.
5-7

 Among them, 

multipod-like particles with a controlled number of pods (e.g., dumbbells, dipods, tripods and 

beyond), have been the subject of intensive research.
8-15

 For instance, colloidal polymer-

polymer dumbbells have been produced by controlled phase separation in seeded emulsion 

polymerization.
9-11

 Colloidal polymeric clusters with a precisely defined geometry have been 

generated by confining latex particles to water-in-oil emulsion droplets and subsequent oil 

removal, a process pioneered by Velev et al.
12

 in 1996 and further extended to a variety of 

colloidal systems
13-16

 including inorganic particles
15

 and binary mixtures of organic and 

inorganic colloids.
16

  

Organic/inorganic particles have received increasing interest in the recent literature.
17

 Our 

group has been particularly active in this area, with special attention being focused on the 

synthesis of polymer/silica biphasic particles.
18-22

 Such particles can be obtained by seeded-

growth emulsion polymerization using methacryloxy methyl triethoxysilane (MMS)
18-19

 or 

poly(ethylene oxide) methyl ether methacrylate (PEOMA)-
20

 functionalized silica particles as 

seeds. Depending on the reaction conditions, core-shell particles or highly regular 

silica/polymer assemblies (namely, tetrapods, hexapods, octopods and so on), were 

successfully generated.
22

 For both types of functionalized silica particles, however, the use of 

appropriate surfactants or mixtures of surfactants was necessary to stabilize the so-formed 

multipod colloids and control their morphologies. In particular, morphology of the obtained 
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structures was shown to be strongly dependent on the nature of the surfactant and on the ratio 

between the number of silica seeds and the number of growing nodules, the latter of which is 

determined by the silica particle size and the surfactant concentration.
19

  

Recently, a surfactant-free aqueous emulsion polymerization technique was developed in 

which self-stabilized polymer latexes are produced through polymerization-induced self-

assembly (PISA) of amphiphilic block copolymers.
23-47

 The PISA process involves chain 

extending a hydrophilic polymer precursor prepared via controlled radical polymerization 

with hydrophobic monomer(s) to form amphiphilic chains which self-assemble into spherical 

nano-objects or more complex morphologies depending on reaction conditions. The notable 

advantages of this process are the absence of low molar mass surfactant in the suspension, the 

simplicity of a one-pot aqueous process applicable to a wide number of monomers and the 

ability to achieve a variety of morphologies at high solids content without the aid of an 

organic co-solvent. While initially developed for the synthesis of pure polymeric particles 

using nitroxide-mediated polymerization (NMP)
25-30

 or reversible addition−fragmentation 

chain transfer (RAFT),
31-47 

the PISA process has been recently extrapolated to the synthesis 

of organic/inorganic particles.
48-55

 The reported strategy, pioneered by Hawkett et al.,
48 

relies 

on the adsorption of amphipathic macroRAFT agents onto inorganic particles to encourage 

the emulsion polymerization to occur at their surface, and has so far been employed for the 

encapsulation of titanium dioxide pigments,
48

 quantum dots,
49

 gibbsite clay platelets,
50

 

carbon nanotubes
51-52

 and cerium dioxide
53

 particles. NMP, however, has not yet been 

employed for the synthesis of organic/inorganic colloids in aqueous dispersed media 

following this strategy. Furthermore, the aforementioned articles are mainly dedicated to the 

formation of polymer-encapsulated particles and none of them describe the synthesis of 

multipod-like colloids.   
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In this work, we report the first surfactant-free NMP-mediated synthesis of silica/polymer 

multipod-like particles through emulsion polymerization. Our strategy involves the use of a 

well-defined hydrophilic PEOMA-based macroalkoxyamine
30

 adsorbed on the surface of 

silica particles prior to polymerization, and does not require any chemical modification nor 

the use of molecular surfactants. The adsorbed macroinitiator was chain-extended in water to 

generate hybrid particles according to the PISA process. The resulting hybrid colloids were 

characterized by cryo-transmission electron microscopy to give insight into the effect of 

polymerization conditions on particle morphology for various initial silica particle sizes. In 

addition, the polymerization kinetics was studied to demonstrate the living character of the 

polymerization and the successful formation of block-copolymers, highlighting the potential 

of this new surface-PISA process for the synthesis of colloidal nanocomposites. 

 

EXPERIMENTAL SECTION 

 

Materials. The monomers, styrene (S, 99%, Acros), n-butyl methacrylate (BMA, 99%, 

Aldrich) and poly(ethylene oxide) methyl ether methacrylate (PEOMA950, Mn = 950 g mol
-1

, 

Aldrich) were used as received. The N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-

dimethylpropyl)-O-(2-carboxyl prop-2-yl) hydroxylamine initiator (BlocBuilder
®
, 99%) and 

N-tert-butyl-N-(1-diethyl phosphono- 2,2-dimethylpropyl) nitroxide (SG1, 85%) were kindly 

supplied by Arkema. Ethanol (Prolabo, 99.9%), L-arginine (≥ 98.5%, Aldrich), hydrochloric 

acid (HCl, 0.1M solution in water), ammonium hydroxide (28% wt/wt aqueous ammonia 

solution, Aldrich) and tetraethyl orthosilicate (TEOS, ≥ 99.0%, Aldrich) were used without 

further purification. The Klebosol 30N50 commercial silica sol was kindly supplied by 

Clariant (France) as a 31.5 wt% solids aqueous colloidal suspension. It was centrifuged at 15 

000 rpm for 15 minutes to remove the very small particles (diameter ≤ 50 nm) present in the 
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sample. Its characteristics are shown in Table 1 (S2). Deionized water (Purelab Classic UV, 

ElgaLabWater) was used for all experiments. 

 

Silica particle synthesis. Silica particles with diameters ranging from 30 to 450 nm and 

narrow size distributions were synthesized using three different procedures. First, ultrafine, 

highly monodisperse silica particles were synthesized using the two-phase process of Hartlen 

et al.
56

 In this process, an immiscible organic top layer of TEOS, was left diffusing into an 

aqueous solution of amino-acid catalyst, leading to a slow increase in the solution 

supersaturation and subsequent formation of tiny silica particles with a very narrow size 

distribution.
56-57

 However, in contrast with previous reports, no inert oil (i.e., octane or 

cyclohexane) was employed in the present system. In a typical procedure, L-arginine 

(Aldrich, 26.3 mg, 6 mmol L
-1

) was first diluted in deionized water (25 g), charged into the 

reactor and kept stirring for several minutes with a stirring bar. Once the solution temperature 

reached 60 °C, 4.0 mL of TEOS was carefully introduced on top of the reactor leading to two 

separate phases. The stirring rate was fixed at 250 rpm so that the top organic layer was left 

almost undisturbed and the water phase could be well mixed. The mixture was stirred at 60 

°C for 72 h to form 30 nm diameter silica particles (S1, Table 1). These silica particles were 

then used as seeds to generate larger monodisperse particles according to the so-called seed-

regrowth process.
58-60

 In a typical regrowth reaction, a certain amount of silica seeds (S1, 

0.02 M) was gently dispersed in an ethanol solution containing water and ammonia (0.3 M). 

Upon uniform mixing, 42.0 g of TEOS (1.0 mol L
-1

) was added. The mixture was stirred at 

room temperature for 24 h to obtain 136 nm silica particles (S3, Table 1). Finally, larger 

particle sizes were obtained using the conventional Stöber process in batch.
61

 Typically 

TEOS (29.12 g, 0.2 mol L
-1

), deionized water (75.6 g, 6 mol L
-1

) and absolute ethanol (450 g, 

13.9 mol L
-1

) were mixed, charged into a 1L round bottom flask and stirred for 20 min. A 
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mixture of ammonia and ethanol (ammonia solution diluted in 15 g of absolute ethanol, 0.5 

mol L
-1

) was introduced in one portion and the solution stirred for at least 24 h at room 

temperature. The ammonia concentration was either 0.3 M to 0.6 M, leading to 230 nm and 

440 nm silica spheres, respectively (S4 and S5, Table 1). 

 

Synthesis of P[(PEOMA950)12-co-S1]-SG1 brush-type macroalkoxyamine initiator. The 

brush-type PEOMA-based macroalkoxyamine initiator (P[(PEOMA950)12-co-S1]-SG1) was 

synthesized as reported previously.
30

 In a typical experiment, a mixture of monomers 

(PEOMA950 and S), SG1 and ethanol was stirred in an erlenmeyer flask and deoxygenated by 

nitrogen bubbling for 20 min at room temperature. The BlocBuilder
®
 alkoxyamine initiator 

was added and nitrogen was bubbled for 10 additional min. The mixture was then introduced 

into a three-neck round-bottom flask (500 mL) and heated to 78.5 °C. The reaction was 

carried out for 2 h and the final product was dried under vacuum after precipitation in diethyl 

ether before analysis. Two batches with similar molar masses: Mn = 11 700 and 12 060 g mol
-

1
, but with slightly different molar mass distributions: Mw/Mn = 1.11 and 1.2, have been 

synthesized and used for latex particles synthesis. They will be hereafter referred to as B1 and 

B2, respectively. 

 

Macroalkoxyamine initiator adsorption on the silica surface. Macroalkoxyamine 

solutions (batch B2) of various concentrations were mixed with a stock dispersion of the 

commercial Klebosol silica sol (S2 in Table 1) at pH = 5.0 to give a final macroinitiator 

concentration ranging from 1 to 10 mmol L
-1

 (i.e., from 0.4 to 4 μmol m
-2

) while maintaining 

a fixed silica concentration of 50 g L
-1

. The dispersion was stirred for one hour, and then 

ultracentrifuged at 18 000 rpm for 30 min (Beckman Coulter Allegra 64R centrifuge). The 
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carbon content in the supernatant was quantified by elemental analysis, and the density of 

adsorbed polymer chains, A (μmol m
-2

), was determined using equation (1) as follows: 

A  μmol m    
                   

               

     1 

            spec
   10          (e   1) 

where [Macroinitiator] (mmol L
-1

) is the initial concentration of the macroalkoxyamine 

initiator, C (wt%) is the carbon content of the supernatant solution determined by elemental 

analysis, NC is the number of carbon atoms in the macroalkoxyamine initiator (NC = 549), 

Sspec. is the specific surface area of silica (Sspec. = 50 m
2
 g

-1
, supplier data record for Klebosol 

colloidal silica sol) and [Silica] (g L
-1

) is the silica concentration. 

 

Surfactant-free emulsion polymerization of BMA and S in the absence or presence of 

silica particles. In a typical surfactant-free emulsion polymerization experiment (entry EB01 

in Table 2), macroinitiator (B1, 0.23 g, 1.6 mmol L
-1

) was dissolved in 12.5 g of water. The 

solution was then stirred under nitrogen bubbling for 30 min at room temperature. Then, the 

monomers, a mixture of BMA and S (2.35 g of BMA and 0.15 g of S), were introduced in the 

aqueous solution and the obtained unstable biphasic system was deoxygenated by nitrogen 

bubbling for another 20 min. This mixture was introduced into a 50 mL round flask, and 

heated at 85 °C for 6 h. Time zero of the polymerization was taken when the reaction 

temperature reached 70 °C. Samples were periodically withdrawn to follow the monomer 

conversions and molar masses. A similar procedure was used for synthesis of the multipod-

like silica/polymer latex particles. In a typical experiment (entry EH01 in Table 2), 

macroinitiator (B1, 0.23 g, 1.6 mmol L
-1

) was introduced in the silica suspension (which 

contained 12.5 g of water and 0.3125 g SiO2). The mixture was then stirred under nitrogen 

bubbling for 30 min at room temperature and the polymerization was conducted as described 
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above using a mixture of BMA and S (2.35 g of BMA and 0.15 g of S). The size and 

concentration of the silica particles were varied as reported in Table 2. The natural pH value 

of the macroinitiator solutions in deionized water was close to 4.2 (due to the carboxylic acid 

end-groups, depending on the concentration), and was not altered for emulsion 

polymerization experiments performed in the absence of silica (EB01 to EB03) or in the 

presence of S1 and S2 (EH01 to EH06). Hydrochloric acid (0.1 M aqueous solution) was 

used to control the pH of experiments performed in the presence of S3, S4 and S5 (EH07 to 

EH09) before addition of the monomer. 

 

Characterizations. The composition of the macroalkoxyamine initiator was determined by 

1
H NMR spectroscopy (Bruker DRX 300) by measuring the vinyl proton integrals of the 

monomers (three vinyl protons of S at δ = 6.74 ppm, δ = 5.83 ppm and δ = 5.25 ppm and two 

CH2 protons at δ = 6.04 ppm and δ = 5.69 ppm for PEOMA) using 1,3,5-trioxane as an 

internal reference.
30

 Size exclusion chromatography (SEC) analyses were performed in THF 

at 40 °C for both the macroalkoxyamine initiator and the diblock copolymers obtained in the 

emulsion polymerization experiments. The flow rate of the mobile phase was 1 mL min
-1 

and 

toluene was used as a flow rate maker. All polymers were injected at a concentration of 3 mg 

mL
−1

 after filtration through a 0 45 μm pore-size membrane. The separation was carried out 

on three Polymer Laboratories columns [    PLgel 5μm Mixed C (300 × 7.5 mm)] and a 

guard column (PL gel 5 μm)  The average molar masses and molar mass distributions were 

calculated with a calibration curve based on poly (methyl methacrylate) (PMMA) standards. 

Samples synthesized in the presence of silica were first dried at room temperature for two 

days, and then diluted in THF (THF for HPLC) under stirring. The solution was then 

centrifuged at 21000 rpm for 1h to remove the silica particles before injection.  
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Table 1. Experimental conditions and main characteristics of the silica particles used in this work. 

Sample 

name 

Synthetic 

procedure 
Catalyst 

[Catalyst] 

(mol L
-1

) 

[TEOS] 

(mol L
-1

) 

Solids content 

(%) 
pH 

Zav (DLS) 

(nm) 

Poly value 

(DLS) 

Dn Silica (TEM) 

(nm) 

Dw/Dn 

(TEM) 

S1 Hartlen L-Arginine 6.0×10
-3

 0.717 3.9 8.9 43 0.04 30 1.01 

S2 Commercial silica
a
 / / / 23.7 7.3 86 0.04 77 1.08 

S3 Seed-regrowth
b
 NH3 0.1 0.2 11.3 9.5 163 0.02 136 1.01 

S4 Stöber
b
 NH3 0.2 0.4 5.3 9.3 257 0.02 230 1.01 

S5 Stöber
b
 NH3 0.3 0.6 10.0 9.0 460 0.06 440 1.01 

a 
Aqueous commercial silica sol (Klebosol 30N50) from Clariant (France). 

b 
The suspensions were redispersed in water through successive centrifugation/redispersion cycles 

before characterization. 

 

     

Figure 1. TEM images and size histograms of the silica particles listed in Table 1. 

S1 S2 S3 S4 S5 
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Table 2. Experimental conditions and characteristics of pure P(BMA-co-S) latex particles and silica/polymer latex particles synthesized by 

surfactant-free emulsion polymerization of n-butyl methacrylate and styrene using the SG1-capped P[(PEOMA950)12-co-S1]-SG1 copolymer as 

macroinitiator in the absence and presence of silica particles of various diameters.
a
 

Entry Silica 
Dn Silica 

(nm) 
b
 

[Silica] 

(g L
-1

) 
pH 

c [Macroinitiator] 

(mmol  L
-1

) 
d
 

Target Mn 

(g mol
-1

) 
e
 

Conv. 

(%) 
f
 

Mn (Mw/Mn)
 

(g mol
-1

)
 g
 

Zav (DLS) 

(nm) 
h
 

Poly value  

(DLS) 

Dn Latex 

(TEM) 

(nm) 
i
 

Dw/Dn 

(TEM) 

EB01 / / 0 3.9 1.6  168 350 33.0 42 300 (2.4) 301 0.14 181 1.03 

EB02 / / 0 4.2 3.2 75 630 75.0 65 700 (1.7) 132 0.21 73 1.04 

EB03 / / 0 4.0 6.9  40 000 70.1 29 320 (1.6) 80 0.05 50 1.04 

EH01 S1 30 25 5.0 1.6  141 176 35.3 24 000 (2.3) 154 0.24 60 1.03 

EH02 S1 30 22 5.4 3.2 72 606 75.7 39 900 (1.7) 136 0.13 64 1.04 

EH03 S1 30 25 5.2 6.9  39 870 78.6 33 540 (1.5) 203 0.34 48 1.04 

EH04 S2 77 50 5.5 1.6 146 290 30.0 53 200 (1.7) 245 0.52 96 1.08 

EH05 S2 77 50 6.0 3.2 80 180 74.4 33 000 (1.7) 219 0.12 88 1.06 

EH06 S2 77 50 5.7 6.9 39 920 71.0 27 780 (1.5) 270 0.53 57 1.07 

EH07 S3 136 50 5.8 (+) 3.2 80 015 52.8 57 300 (1.8) 218 0.57 86 1.03 

EH08 S4 230 50 5.7 (+) 3.2 80 235 50.5 27 500 (2.2) 167 0.28 85 1.06 

EH09 S5 440 50 6.0 (+) 3.2 80 149 45.8 45 200 (1.7) 235 0.41 93 1.03 

a 
All polymerizations were carried out at 85 °C for 6 h. The total monomer concentration was 20 wt% and the initial molar fraction of styrene was fS0 = 0.08.  

b
 Determined by TEM (see Table 1). 

c
 Initial pH determined before polymerization, natural or adjusted with HCl (+). d 

All polymerizations were conducted 

using B1 as macroalkoxyamine initiator except runs EB03, EH03, EH04 and EH06 that were performed using B2. 
e 

Theoretical molar mass at 100% 

conversion determined according to:                  
       

             
                       

                           
      

           . 
f
 Determined by gravimetric 

analysis. 
g 

Determined by SEC in THF with PMMA standards. 
h
 Hydrodynamic diameter of the pure polymer or hybrid latex particles. i  Diameter of the 

polymer nodules determined by TEM.  
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Dynamic light scattering (DLS, Nano ZS from Malvern Instruments) was used to measure 

the particle size (average hydrodynamic diameter, Zav) and the dispersity of the samples 

(indicated by the poly value - the higher this value, the broader the size distribution). Before 

measurements, the samples were diluted in deionized water. The silica particles were imaged 

by transmission electron microscopy (TEM) with a Philips CM120 transmission electron 

microscope operating at an accelerating voltage of 80 kV (Centre Technologique des 

Microstructures, platform of the Université Claude Bernard, Lyon 1). Highly diluted samples 

were dropped on a formvar-carbon coated copper grid and dried under air. To prevent 

particles deformation (the P(BMA-co-S) hydrophobic block constituting the core of the latex 

particles has a glass transition temperature, Tg, close to the ambient), and allow reliable 

determination of particles size and morphology, the pure polymer and hybrid latex particles 

were characterized by cryo-transmission electron microscopy (cryo-TEM). As described in 

details elsewhere,
62

 thin liquid films of 0.1 wt% suspensions were formed onto commercial 

“lacey” carbon membranes (Pelco, U A) and vitrified by  uench freezing into li uefied 

ethane. The grids were then mounted in a Gatan 626 specimen holder, precooled with liquid 

nitrogen, and subsequently observed at -180 °C, under low dose illumination, using a Philips 

CM200 Cryo microscope operating at 80 kV. The number-average (Dn) and the weight-

average (Dw) diameters of the silica particles, of the polymer latex particles (for experiments 

performed in the absence of silica) and of the polymer nodules (for experiments performed in 

the presence of silica), were determined directly on the TEM micrographs according to: Dn = 

niDi/ni and Dw = niDi
4
/niDi

3
, where ni is the number of particles with diameter Di. A 

minimum of 150 particles was counted for each batch. The number ratio of polymer latex 

particles to silica particles, NLatex/NSilica, was determined by two methods. The first method 

was based on statistical analysis of the cryo-TEM images by counting manually the number of 

latex particles and the number of silica particles and making the ratio. In most cases, silica and 
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polymer particles showed significantly different contrasts and could be thus unambiguously 

identified on the micrographs. In the second method, NLatex/NSilica, was determined according 

to the equation (2) below: 

 Latex

  ilica

 
         

        
 
d ilica

dPolymer
  
 n  ilica

 n Latex

 
 

     (e    ) 

where [Silica] (g L
−1

) is the silica concentration, [Polymer] (g L
−1

) is the polymer 

concentration determined by gravimetry, dSilica and dPolymer (g cm
−3

) are the silica and polymer 

mass densities, respectively, and Dn Silica and Dn Latex (nm) are the diameters of the silica and 

latex particles determined by cryo-TEM, respectively.  

Cryo-scanning electron microscopy (cryo-SEM) was performed in a FEI QUANTA 250 

FEG scanning electron microscope, at an acceleration voltage of 15 kV. The specimen was 

first mounted on an appropriate holder, which was itself mounted onto a freezing/vacuum 

transfer rod. The sample was plunge-frozen in slushy nitrogen and then transferred under 

vacuum in the cooled stage of the cryo-SEM preparation chamber. The preparation chamber 

was pumped by a rotary pump. Finally the gate valve between the preparation chamber and 

the SEM was raised, and the specimen transferred in the cooled stage of the SEM before 

observation. 

 

RESULTS AND DISCUSSION 

 

1. Synthesis of highly monodisperse silica particles 

Recent studies from our group on the synthesis of multipod-like silica/polystyrene particles 

through conventional emulsion polymerization, have emphasized the importance of 

controlling the size and size distribution of the silica seed particles in order to get well-defined 
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polymer/silica clusters with uniform morphologies.
19,22 

The synthesis of monodisperse silica 

particles is extensively documented in the literature.
63

 Silica spheres with controlled size and 

size distributions can now be synthesized using a variety of experimental conditions. In order 

to get monodisperse silica particle over a large size range, we used three complementary 

approaches. Very small silica particles of 30 nm were first obtained following the protocol of 

Hartlen et al.
56

 known to produce highly monodisperse silica nanoparticles (S1, Table 1). 

These particles were then used as seeds to generate silica particles with a diameter of 136 nm 

(S3, Table 1) whereas larger silica particles were synthesized using the conventional Stöber 

process
61

 (S4 and S5, Table 1). In addition, a commercial Klebosol silica sol (Dn = 77 nm, S2, 

Table 1) was also used to complete the series. Figure 1 shows the TEM images and size 

histograms of the silica particles used in this work. Their diameters are comprised between 30 

and 440 nm (as determined by TEM) and their size distribution is very narrow (Dw/Dn 

typically lower than 1.01) with the exception of the commercial silica sol (Dw/Dn = 1.08). As 

the latter was available in larger quantities, it was selected to study macroinitiator adsorption 

described in the following section. 

 

2. Macroalkoxyamine adsorption on the silica surface 

Studying the adsorption of the PEO-based macroalkoxyamine on the silica surface is of 

primary importance to understand the mechanism of subsequent hybrid particle formation. 

The adsorbed amounts were determined by elemental analysis using equation (1). The carbon 

contents of the supernatant solutions and the free macroalkoxyamine concentrations are 

reported in the Supporting Information (Table S1). Figure 2 shows the isotherm for adsorption 

of the P[(PEOMA950)12-co-S1]-SG1 macroalkoxyamine onto the silica sol (S2, Table 1) at a 

fixed concentration of 50 g L
−1

 and pH = 5.0.  
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Figure 2. Adsorption isotherm of the P[(PEOMA950)12-co-S1]-SG1 macroalkoxyamine 

initiator onto the Klebosol silica sol (S2, Table 1) at 25 °C and pH = 5.3. [Silica] = 50 g L
-1

. 

 

The adsorbed amount of macroalkoxyamine on the silica surface increases as the 

macroinitiator concentration increases, until a pseudo-plateau is reached for a concentration 

close to 10 mmol L
-1

, which corresponds to a maximal adsorption capacity of around 0.16 

µmol m
-2

 (i.e. 1.87 mg m
-2

). The macroinitiator partitions between the silica surface and the 

aqueous phase, and at most 10 mol% of the total introduced macroinitiator was adsorbed at 

the silica surface, with the rest remaining free in solution.  

Several researchers have studied the adsorption of PEO-based polymers on silica surfaces.
64-71

 

It has been reported that brush-type polymers with PEO side chains (also known as comb 

polymers) adsorb more than their linear counterparts. Adsorption takes place through the side 

chains and involves the formation of hydrogen bonds between surface silanols and hydrogen 

atoms on the polymer.
64-65

 Densely-grafted comb-like polymers are known to adopt a stiff 

rod-like conformation in dilute solutions, with the stiff nature of the polymer originating from 

the repulsions between PEO side chains.
70

 It is expected that this conformation is largely 
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retained when the polymer adsorbs onto a surface. Indeed, simulations predict that comb-like 

polymers adopt a flat conformation at the interface to maximize the interaction between PEO 

and the surface silanol groups. This results in the formation of thin adsorbed layers, and hence 

in a large occupied area per chain.
70

 Although many of the PEO side chains interact with the 

surface, some of them must be extended into solution for geometrical reasons as represented 

in Scheme 1. Our results are in good agreement with these assumptions. Indeed the adsorbed 

amount at saturation (i.e. 1.87 mg m
-2

) is higher than that reported for high molar mass linear 

PEO (i.e. around 0.4-0.8 mg m
-2

)
64-66

 and is consistent with literature values for the adsorption 

of PEO brush-like polymers whose structures are similar to that of our macroalkoxyamine 

initiator.
67,69,71

 For instance, Naderi et al.
69 

studied the adsorption of P(PEOMA2000) comb-like 

polymers with a molar mass of 4x10
5
 g mol

-1
 onto silica and found a maximum adsorbed 

amount of 1.17 mg m
-2

, a value in good agreement with ours. The maximum adsorbed amount 

of 1.87 mg m
-2

 corresponds to an area of 10 nm
2 

per adsorbed macroinitiator molecules, 

which is also in agreement with previous literature reports. 

 

 

Scheme 1. Scheme for adsorption of the 

brush-like P[(PEOMA950)12-co-S1]-SG1 

macroalkoxyamine initiator on the silica 

surface. 



 
 

16 
 

 

3. Synthesis of silica/polymer hybrid particles 

In the following, we took advantage of the successful adsorption of the macroalkoxyamine 

initiator onto silica to synthesize silica/polymer hybrid particles using NMP in aqueous 

dispersed media. The role of the living polymer in the system was threefold: a compatibilizer, 

an initiator, and a stabilizer, thus avoiding the need for any external molecular surfactant or 

radical initiator. We systematically investigated the effect of macroinitiator concentration and 

particle size on the polymerization kinetics and control, and on the stability and structure of 

the self-assembled nano-objects (Table 2). Firstly, different macroinitiator concentrations 

were tested using two different silica particle sizes (30 nm and 77 nm), and secondly the silica 

particle size was varied at a fixed macroinitiator concentration of 3.2 mM.  

 

3.1 Effect of macroinitiator concentration 

3.1.1 Kinetics 

The effect of the macroinitiator concentration on kinetics was studied for the 30 nm and 77 

nm silica particles (S1 and S2, respectively, Table 1), using 1.6, 3.2 or 6.9 mmol L
-1

 of 

macroinitiator (EH01 to EH06, Table 2). The pH of the macroinitiator/silica mixture was 

around 5 and there was no pH adjustment needed for these samples. The polymerization 

kinetics, shown in Figure 3 in the case of the 30 nm silica particles, exhibits a trend similar to 

that previously observed for the blank emulsion polymerization performed in the absence of 

silica particles under similar conditions.
30

 Conversions are limited to c.a. 70% and the higher 

the concentration of macroinitiator, the higher is the polymerization rate. Similar results were 

obtained for the 77 nm silica particles. Limited conversions have often been reported for 
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nitroxide-mediated emulsion polymerization of MMA using macroinitiators based on styrene 

as a comonomer.
28a

 They are first an intrinsic outcome of NMP, which is based on the 

persistent radical effect that leads to an accumulation of SG1 due to continuous irreversible 

termination reactions of the propagating radicals. The situation is moreover enhanced for the 

polymerization of methacrylic esters in the presence of styrene because the proportion of 

styrene in the polymerization medium is very low and continuously decreases. Such decrease 

is related to the reactivity ratios and to the low initial amount of this comonomer. The fact that 

the final conversion increases with increasing macroinitiator concentration is also related to 

the persistent radical effect
 
and to the proportion of released SG1, which is expected to be 

smaller when the initial alkoxyamine concentration is increased, hence leading to a higher 

concentration of propagating radicals.
72

 

 Figure 4 and Figure 5 show the evolution of the SEC chromatograms and of the molar 

mass and molar mass dispersity with conversion, respectively, again for the 30 nm silica 

particles. The shift of the chromatograms towards higher conversions reveals the living 

character of the polymerization. In addition, the shape of the SEC traces is similar to the one 

reported in our previous work in the absence of silica and indicates the presence of a small 

proportion of dead chains. As seen in Figure 5 the control over the chain growth is improved 

(better match between the experimental values and the theoretical ones, lower molar mass 

dispersities and higher reinitiation efficiency) when the initial concentration was increased, 

which is again consistent with our previous observations. 
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Figure 3. Evolution of monomer conversion with time during the surfactant-free emulsion 

polymerization of BMA with S in the presence of 30 nm diameter silica particles (S1, [Silica]  

= 25 g L
-1

) for three different macroinitiator concentrations. EH01 (B1, 1.6 mmol L
-1

,
 
red ■), 

EH02 (B1, 3.2 mmol L
-1

, blue ▲) and EH03 (B2, 6.9 mmol L
-1

, green ●) (Table 2). 

 

However, for a given macroinitiator concentration, the quality of control was overall poorer 

than in the absence of silica particles.
30

 This is likely due to the higher ionic strength of the 

suspension. Indeed, we showed in our previous work that an increase of ionic strength 

induced a loss of control.
30

 In the present system, the increase of ionic strength can be 

predominantly attributed to the silica’s compensating counter-ions and to the L-arginine used 

as catalyst during silica synthesis. 
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Figure 4. Evolution of the size exclusion chromatograms with weight conversion during the 

surfactant-free emulsion copolymerization of BMA and S in the presence of 30 nm diameter 

silica particles (S1) and for three different macroinitiator concentrations. EH01 (B1, 1.6 mmol 

L
-1

), EH02 (B1, 3.2 mmol L
-1

) and EH03 (B2, 6.9 mmol L
-1

) (Table 2). 

macroinitiator macroinitiator 

EH01 

35.3% 

22.5% 
16.5% 

75.7% 

53.9% 17.3% EH02 
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38.4% 78.6% 
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Figure 5. Evolution of Mn and Mw/Mn vs weight conversion (the full lines represent the 

theoretical Mn) for the surfactant-free emulsion copolymerizations of BMA and S in the 

presence of 30 nm diameter silica particles (S1) for three different macroinitiator 

concentrations. EH01 (B1, 1.6 mmol L
-1

, Mn, red ■; Mw/Mn, red □), EH02 (B1, 3.2 mmol L
-1

, 

Mn, blue ▲; Mw/Mn blue ) and EH03 (B2, 6.9 mmol L
-1

, Mn, green ●, Mw/Mn, green ) 

(Table 2). 

 

3.1.2 Particle morphology 

The hybrid particles synthesized in the presence of 30 nm diameter silica particles (25 g L
-1

) 

and the lowest macroinitiator concentration (EH01, 1.6 mmol L
-1

), were characterized by 

cryo-TEM (Figure 6). The latex particles showed significant affinity for the silica spheres as 

almost each polymer nodule (in light grey) was in contact with at least one silica particle (in 

dark grey). Isolated silica beads and free latex particles could also be occasionally seen, 

together with a few trimers (i.e. two polymer nodules having grown from each side of one 

silica particle) and hybrid structures resulting from the growth of one latex particle on strings 

of two of three silica beads. A statistical calculation of the respective number of polymer 

nodules and silica particles by manually counting the number of latex particles and the 
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number of silica particles led to a ratio close to 1. The same analysis performed for higher 

macroinitiator concentrations (EH02, 3.2 mmol L
-1

 and EH03, 6.9 mmol L
-1

, Figure 6) led to 

on average 3 and 5.8 polymer nodules per silica particle, respectively, which is in agreement 

with the observed TEM morphologies, which evolved from dimers (one polymer nodule per 

silica particle), to tripods (3 latex per silica) and finally daisy-like hybrids (each silica sphere 

being surrounded by more than three polymer nodules). Using equation (2) (setting dSilica to 

2.1 g cm
-3

 and dPolymer to 1.0 g cm
-3

) and the silica and latex particle diameters determined by 

TEM, we found NLatex/NSilica ratios of 0.7, 1.5 and 3.2 for EH01, EH02 and EH03, 

respectively (Table 3). These values are in reasonable agreement with those obtained by 

manual counting although they are slightly smaller. The observed difference may be due to 

the presence of a solvated hairy layer around the polymer particles that would lead to an over-

estimation of the latex particle size and hence to an under-estimation of the polymer particles 

number.  

 

   

   

EB01 EB02 EB03 

EH01 EH02 EH03 
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Figure 6. Cryo-TEM images of the final pure polymer latex particles (EB01, EB02 and 

EB03) and multipod-like silica/polymer latex particles (EH01, EH02 and EH03) obtained by 

surfactant-free emulsion copolymerization of BMA and S in the absence and in the presence 

of 30 nm diameter silica particles (S1, [Silica] = 25 g L
-1

) for three different P[(PEOMA950)12-

co-S1]-SG1 macroinitiator concentrations. EB01, EH01 (B1, 1.6 mmol L
-1

), EB02, EH02 (B1, 

3.2 mmol L
-1

) and EB03, EH03 (B2, 6.9 mmol L
-1

) (Table 2). 

 

Figure 7 shows the morphology of the hybrid particles obtained with 77 nm silica particles 

(S2, Table 1) for increasing macroalkoxyamine concentrations. Similarly to the experiments 

performed with the 30 nm silica particles, the morphology evolved from dumbbell- to daisy-

shaped when the macroinitiator concentration increased from 1.6 to 3.2 and then 6.9 mmol L
-

1
. For the lowest concentration (EH04, Table 2), the formation of dumbbell-like particles with 

an average of 1.3 polymer nodules per silica seed was favoured. Those nodules have an 

average diameter of 96 nm as determined by TEM (Table 3). An estimation of NLatex/NSilica by 

counting on the TEM micrograph the number of latex and silica particles led to a ratio of 1.2. 

For higher macroalkoxyamine concentrations (i.e. EH05 and EH06), each silica particle was 

surrounded by in average 5 to 6 latex particles. Calculation of NLatex/NSilica based on equation 

(2) gave a ratio of 4.2 and 14.7 respectively (Table 3). The discrepancy between both series of 

measurements is most likely due to difficulties in precise determination of the number of 

polymer nodules located at the silica surface by manual counting. Indeed, in case of sample 

EH05, most of the latex particles seem to be located in the equatorial plane of the silica 

spheres which allows satisfactory estimation of the NLatex/NSilica ratio. If there was one latex 

particle above the silica particles, one should be able to distinguish it as the diameter of the 

latex particles (i.e. around 88 nm) is larger than the silica particle size (i.e. 77 nm). However, 

when the macroinitiator concentration was increased further to 6.9 mmol L
-1

 (EH06), the latex 
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particle size decreased from 88 to 57 nm leading to an increase of the particle number in 

agreement with in situ formation of amphiphilic block copolymer self-assemblies (Table 3). 

As the size of the latex particles was smaller than that of the silica sphere, they could not be 

easily identified on the TEM grid which rendered the determination of the NLatex/NSilica ratio 

less accurate. Besides, as the number of latex particles was higher than the theoretical number 

that could be close packed (with hexagonal symmetry) on each silica sphere,
73 

"free" latex 

particles with no apparent interaction with the silica surface were also formed concurrently to 

the multipod-like particles. Those free latex particles also contributed to increasing the 

NLatex/NSilica ratio.  

Planar arrangements similar to the ones observed for the intermediate macroinitiator 

concentration have already been reported during the synthesis of silica/polystyrene particles 

through seeded emulsion polymerization using PEOMA-
19

 or methacryloxy methyl 

triethoxysilane-functionalized silica particles as seeds.
17,18

 These 2D arrangements were 

attributed to the collapse of the PS nodules during TEM observation which was carried out in 

a conventional microscope at room temperature. Indeed, imaging the same samples by cryo-

TEM and cryo-electron tomography revealed that the arrangement of the biphasic particles in 

suspension was not planar, but in polyhedral shapes such as square antiprisms.
75

 In the present 

study, we also used cryo-TEM to prevent particle deformation and visualize the particles in 

their original shape, and therefore did not expect to observe such a planar morphology. 

However, the possibility of mechanical deformations during sample preparation cannot be 

entirely ruled out, and three-dimensional tomographic reconstructions similar to those 

mentioned above would therefore be very helpful to assess the exact morphology of the 

observed daisy structure. 
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Figure 7. Cryo-TEM images of the final multipod-like silica/polymer latex particles obtained 

by surfactant-free emulsion copolymerization of BMA and S in the presence of 77 nm silica 

(S2 in Table 1) for different P[(PEOMA950)12-co-S1]-SG1 concentrations (EH04, B2, 1.6 

mmol L
-1

), EH05 (B1, 3.2 mmol L
-1

) and EH06 (B2, 6.9 mmol L
-1

) (Table 2). 

EH05 

EH04 EH04 

EH05 

EH06 EH06 
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In order to gain further insight into the mechanism of hybrid particles formation, we have 

compared in Table 3 the diameters and numbers of latex particles synthesized in the absence 

and presence of silica under otherwise identical experimental conditions (i.e. same 

macroinitiator and monomer concentrations). The particle size is clearly smaller and the 

particle number larger when the emulsion polymerization was carried out in the presence of 

silica particles. This is particularly evident for the 30 nm silica particles using the lowest 

macroalkoxyamine concentration (EH01, 1.6 mmol L
-1

) but it also holds true for the 77 nm 

silica particles (EH04) under similar conditions. In this last case, the adsorption isotherm 

showed the presence of a significant amount of free macroinitiator in the aqueous phase 

irrespective of the initial macroalcoxyamine concentration. Accordingly, the polymerization 

likely starts both in water and on the silica surface as depicted in Scheme 2. The resulting 

block copolymers would then self-assemble in water to form free polymer latex particles or 

self-assemble with the ones generated at the silica surface to form surface-adsorbed polymer 

nodules. However, the low fraction of free latex particles suggests that they prefer to self-

assemble with the ones formed at the silica surface in order to minimize interfacial free 

energy and increase colloidal stability. Furthermore, the fact that the latex particle size 

strongly decreases in the presence of silica for the lowest macroinitiator concentration (Table 

3) suggests that the silica particles also contribute to the stabilization of the self-assembled 

block copolymers. Indeed, for the lowest macroinitiator concentration, the surface coverage is 

low and the remaining dissociated exposed silanol groups of silica can provide extra colloidal 

stability to the growing polymer spheres resulting in smaller particle sizes. Indeed calculation 

gives only 30% coverage at 1.6 mmol L
-1

, which corresponds to an area per adsorbed 

molecule of 30 nm
2
 (compared to 10 nm

2
 for full coverage). Among the specificities of this 

new surface PISA process is thus the possibility to tune the latex particle size, and hence the 
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final morphology, by simply varying the macroinitiator concentration and the surface 

coverage. 

 

Table 3. Respective diameters and numbers of latex particles, silica spheres and polymer 

nodules, and corresponding latex-to-silica number ratios during the synthesis of pure polymer 

and silica/polymer hybrid particles by NMP-mediated emulsion polymerization.  

Entry 
[Macroinitiator] 

(mmol L
-1

) 

Dn Silica 

(nm) 

NSilica 

×10
17

 L
-1

 

Dn Latex 

(nm) 

NLatex 

×10
17

 L
-1

 

NLatex/ 

N Silica
a
 

Dn Silica/ 

Dn Latex 
Nmax 

b
 

EB01 1.6 / / 181 0.2 / / / 

EB02 3.2 / / 73 7.5 / / / 

EB03 6.9 / / 50 21.4 / / / 

EH01 1.6 30 8.4 60 6.2 0.7 0.5 / 

EH02 3.2 30 7.4 64 11.0 1.5 0.5 / 

EH03 6.9 30 8.4 48 27.1 3.2 0.6 / 

EH04 1.6 77 0.9 96 1.3 1.3 0.8 / 

EH05 3.2 77 0.9 88 4.2 4.2 0.9 / 

EH06 6.9 77 0.9 57 14.7 14.7 1.35 11 

EH07 3.2 136 0.17 86 3.2 17.5 1.6 25 

EH08 3.2 230 0.037 85 3.1 84.0 2.7 50 

EH09 3.2 440 0.0053 93 2.2 407.4 4.7 119 

 
a
 Determined using equation (2). 

b
 Maximum number of latex particles that can be close-packed 

around each silica sphere calculated according to:      
  

  
 
                  

         
 
 

. This last equation 

only holds for Dn Silica/Dn Latex > 1.2.
73,74

  
 

 

Scheme 2. Schematic illustration of the synthesis of multipod-like silica/polymer particles by 

NMP-mediated polymerization-induced self-assembly of block copolymers by means of a 

physically adsorbed brush-type macroalkoxyamine initiator. 
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3.2 Effect of silica particle size 

3.2.1 Kinetics 

Figure 8 the effect of the silica particle sizes on the evolution of monomer conversion with 

time for a fixed macroinitiator concentration of 3.2 mmol L
-1

 over a pH range of 5.4 - 6.0. It is 

clear that the curves can be divided into two groups with different polymerization rates 

depending on the amount of hydrochloric acid used to achieve the target pH value, or in other 

words, on the ionic strength. For EH02 (performed in the presence of S1 synthesized using the 

Hartlen process) and EH05 (performed in the presence of the commercial silica sol, S2), the 

pH values of the macroalkoxyamine/silica mixtures were 5.4 and 6.0, respectively. Hence, 

these two suspensions were used directly without any pH adjustment. In contrast, the use of 

Stöber silica particles (S3 for EH07, S4 for EH08 and S5 for EH09) required the addition of 

hydrochloric acid in order to neutralize the residual amount of ammonia and adjust the pH 

value to 6.0, which resulted in a higher ionic strength and hence, in a lower polymerization 

rate in agreement with our previous work.
30

 Within a group of experiments (EH02/EH05 and 

EH07/EH08/EH09), the size of the silica particles had no significant effect on the 

polymerization rate, suggesting that the rate is essentially governed by the events taking place 

in the water phase, and therefore the physico-chemical properties of the suspension (pH, 

concentration, ionic strength), rather than the extent of adsorption.  
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Figure 8. Evolution of monomer conversion with time for the surfactant-free emulsion 

copolymerizations of BMA and S in the presence of silica particles with various particle 

diameters using 3.2 mmol L
-1

 macroinitiator (B1). EH02 (S1, 30 nm, 25 g L
-1

, dark blue ▲), 

EH05 (S2, 77 nm, 50 g L
-1

, red ●), EH07 (S3, 136 nm, 50 g L
-1

, black ), EH08 (S4, 230 nm, 

50 g L
-1

, purple ►) and EH09 (S5, 440 nm, 50 g L
-1

, light blue▼). 

 

3.2.2 Particle morphology 

Figure 9 the TEM images of the hybrid particles obtained for varying silica particle sizes 

and a fixed macroinitiator concentration of 3.2 mmol L
-1

 for four of the five experiments 

discussed above at a fixed silica concentration of 50 g L
-1

. The morphology evolved from 

daisy- to multipod- and then raspberry-like upon increasing the silica particle size from 77 nm 

to 440 nm. As the silica concentration was kept constant in all the experiments, increasing the 

silica particle size led to a decrease of the silica particle number, and hence of the total 

available surface area (Table 3). When the number of silica particles was much smaller than 

the number of self-assembled latex particles (EH09), the polymer nodules covered the entire 

silica surface and raspberry-like particles were obtained as shown at the bottom right of 
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Figure 9. This assumption was confirmed by cryo-SEM observation (Figure 10), which 

provided clear evidence of the presence of latex particles surrounding the silica spheres. As 

expected, increasing the size of the silica particles also led to the formation of more free latex 

particles, as there was a higher amount of free macroinitiator in the water and less surface area 

to capture all the resulting block copolymers. Those free latex particles are also clearly visible 

in the SEM image of Figure 10, forming a dense layer covering the sample background.   

Table 3 shows that the number of nucleated polymer nodules slightly decreased from 

approximately 7.5x10
17

 particles L
-1

 in the absence of silica to around 3x10
17

 L
-1 

for 

experiments EH07, EH08 and EH09 performed in the presence of silica. This decrease in 

particle number may be accounted for by the increase of ionic strength mentioned above. 

Besides, there is no significant influence of the silica particle diameter on the sizes of either 

the polymer nodules or the free latex particles, which are very close to each other. 

Consequently, the maximum number of latex particles that can be accommodated around each 

silica particle, Nmax, solely depends on the silica particle size and increases with increasing 

silica diameter. As shown in Table 3, the NLatex/NSilica ratio also increases with increasing the 

silica particles size and is much higher than the theoretical number of latex particles that can 

be close packed (with hexagonal symmetry) on each silica sphere.
74

 This, together with the 

concentration of free macroinitiator, explains the high amount of free latex particles observed 

in the TEM images of Figure 9 upon increasing the silica particle size. 
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    Figure 9. Cryo-TEM images of the final multipod-like silica/polymer latex particles obtained by surfactant-free emulsion copolymerization of 

BMA and S in the presence of a fixed amount of silica particles with increasing particle diameters using P[(PEOMA950)12-co-S1]-SG1 as 

macroinitiator (B1, 3.2 mmol L
-1

). EH05 (S2, 77 nm), EH07 (S3, 136 nm), EH08 (S4, 230 nm) and EH09 (S5, 440 nm).  

EH05 EH05 EH07 EH07 

EH08 EH08
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Figure 10. Cryo-SEM image of the raspberry-like silica/polymer hybrid particles synthesized 

in the presence of 440 nm diameter silica particles using P[(PEOMA950)12-co-S1]-SG1 as 

macroinitiator (B1, 3.2 mmol L
-1

, EH09 in Table 2). 

 

CONCLUSIONS 

In summary, we have investigated the self-assembly behavior of P(PEOMA-co-S)-b-P(BMA-

co-S) block copolymers at the surface of silica particles via PISA in aqueous emulsion. A 

PEO-based brush-like macroalkoxyamine initiator was first adsorbed at the silica surface, and 

further used to initiate the growth of the hydrophobic block through nitroxide-mediated 

emulsion polymerization. The polymerizations showed kinetic profiles and living 

characteristics similar to the ones reported in our previous work in the absence of silica under 

the same conditions. Although the polymer chains were not well controlled (high molar mass 

dispersities and poor agreement between the targeted and experimental values), the shift of 

the SEC traces towards higher molar mass with increasing conversions indicated successful 

formation of block copolymers. Silica/polymer hybrid particles with dumbbell-, raspberry- 

and daisy-shaped morphologies were successfully achieved by this surface-PISA process 
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depending on the silica particle size and the macroinitiator concentration. This last parameter 

provided an unprecedented way to tune the multipod-like morphology independently from the 

silica particle size. To the best of our knowledge, this is the first report on the synthesis of 

multipod-like silica/polymer particles by nitroxide-mediated polymerization-induced self-

assembly of block copolymers in aqueous dispersed media. 

 

SUPPORTING INFORMATION 

Carbon contents of the supernatant solutions determined by elemental analysis and adsorbed 

amounts of the macroalkoxyamine initiator on the Klebosol silica sol. This information is 

available free of charge via the Internet at http://pubs.acs.org/. 
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