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ABSTRACT 

Silica/polymer latexes with concentric core-shell-corona, half-capped, snowman-like 

vesicular, tadpole- and centipede-like morphologies have been produced by nitroxide-

mediated polymerization-induced self-assembly (PISA) performed in the presence of aqueous 

suspensions of colloidal silica. A hydrosoluble brush-like PEO-based macroalkoxyamine 

(P[(poly(ethylene oxide) methyl ether methacrylate )12-co-styrene ]-SG1, Mn = 11 700 g mol
-1

 

and Mw/Mn = 1.11) was first adsorbed onto the surface of submicronic silica particles. The 

obtained suspension was then used in the emulsion polymerization of n-butyl methacrylate 

with 8 mol% of styrene. This led to the formation of amphiphilic block copolymers (BCPs) 

that self-assembled in situ at the silica surface into well-defined hybrid nano-object of various 

morphologies, in agreement with the principles of polymerization-induced micellization. The 

influence of the pH was more specifically investigated, using silica particles of different size 

ranging from 30 to 230 nm. This parameter was shown to have a significant effect on particle 
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morphology. Indeed, while multipod-like particles were obtained below pH 6 regardless of 

the silica particle size, polymerizations conducted at higher pH values led to unconventional 

morphologies that have never been reported before. Silica-armored fibers and/or vesicles 

were obtained for the smallest silica particles (Dn = 30 nm) whereas larger silica beads (Dn = 

230 nm) predominantly led to core-shell particles. More interestingly, the use of an 

intermediate silica particle size (Dn = 136 nm) led to a complex mixture of kinetically-

trapped copolymer morphologies. For the first time, cryo-electron tomography (cryo-ET) of 

the sample provided direct observation of the 3D structures and furthermore gave insights 

into the self-assembly process as intermediate morphologies were also captured.  

 

Keywords: Silica, RDRP, emulsion polymerization, PISA, amphiphilic block copolymers, 

nitroxide-mediated polymerization, PEGMA, morphology, cryo-electron tomography.  
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INTRODUCTION 

Organic/inorganic hybrid colloids (also called colloidal nanocomposites) are an attractive 

type of composite materials that can find application in many different fields, for instance in 

emulsion paints, optics and biology.
1
 The incorporation of inorganic particles into polymeric 

matrices allows combining the best advantages of inorganic solids (mechanical strength, 

thermal stability and unique physical properties) with the processability and flexibility of 

organic polymers. A variety of approaches have been reported in the literature to synthesize 

these materials, including heterocoagulation, layer-by-layer assembly and in situ 

polymerization.
1
 In this last technique, monomers are polymerized in the presence of 

inorganic colloidal particles.
2
 Emulsion polymerization, a widely used free radical 

polymerization process, is undoubtedly one of the most popular methods to synthesize 

colloidal nanocomposites via in situ polymerization.
3
 In a typical process, the inorganic 

particles are dispersed in the aqueous phase, and their surface is functionalized to favor the 

capture of the growing macromolecules, leading to various morphologies depending on the 

inorganic particles surface properties and the polymerization conditions. However, in most of 

the strategies reported, the use of surfactants is required to provide colloidal stability to the 

hybrid particles although it is known that surfactant molecules can migrate in the final 

materials and adversely affect film formation and properties.  

Recently, Hawkett et al.
4
 pioneered a versatile approach involving the use of reversible 

deactivation radical polymerization (RDRP) for the surfactant-free synthesis of hybrid latex 

particles in aqueous dispersed media.
5,6 

This strategy relies on the use of living amphipathic 

random copolymers, capable of interacting with the surface of inorganic particles or organic 

pigments, to favor their encapsulation through emulsion polymerization. The hydrophilic 

monomer units in the copolymer provide colloidal stability to the resulting core-shell 

particles, while its random nature ensures that the controlling agent does not form micelles in 
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water, thereby minimizing secondary nucleation. Finally, the incorporation of hydrophobic 

units in the living chains increases the affinity of the hydrophobic monomers for the 

particle’s environment, promoting the formation of an encapsulating shell. The approach has 

been successfully used for the polymer encapsulation of a large variety of particles ranging 

from metal oxides (e.g. titanium dioxide,
4
 cerium oxide,

7
 iron oxide,

8
 silica

9
), organic 

pigments,
4
 to carbon nanotubes,

10
 graphene oxide

11
 and bidimensional clay platelets such as 

gibbsite,
12 

Montmorillonite
13

 and layered double hydroxides.
14

 One of the key benefits of this 

technique is that it does not require any chemical functionalization of the inorganic surface or 

the use of molecular surfactants. Although until now the attention has been dedicated almost 

exclusively to the use of reversible addition-fragmentation chain transfer (RAFT),
5
 the 

approach was recently expanded to nitroxide-mediated polymerization (NMP)
15

 and atom 

transfer radical polymerization (ATRP).
16

 Irrespective of the RDRP technique used, the main 

purpose of these works was to encapsulate the inorganic particles or the organic pigments by 

taking advantage of the living character of the polymer chains that can be reactivated during 

emulsion polymerization. Indeed, the key role of the control agent is its provision of many 

active sites for chain growth, and its capability to effectively control the polymerization was 

generally considered of less importance.
17

 However, we
15,18

 and others
4,12,19

 showed that 

well-defined amphiphilic block copolymers (BCPs) can also be obtained concomitantly to the 

successful formation of hybrid particles, according to the so-called polymerization-induced 

self-assembly (PISA) process. 

 The PISA process has been used with success for various RDRP systems under aqueous 

emulsion
20

 or dispersion
21,22

 polymerization conditions, and can lead to a wide variety of 

nanostructures (spheres, rods, fibers, lamella or vesicles) depending on the nature and molar 

mass of both the hydrophobic and hydrophilic blocks, and the solids content or the 

physicochemical parameters of the dispersed phase (i.e. pH, ionic strength, temperature, 
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etc.).
5
 Besides, various authors have observed a gradual change of particle morphology from 

spheres to worms to vesicles upon increasing the molar mass of the hydrophobic block either 

in the course of the polymerization, or at full conversion by varying the control agent 

concentration. Drastic changes in particle morphology have also been observed by varying 

the nature, the size or the shape of the hydrophilic block.
23

 Based on the different 

morphologies already achieved through the PISA process, it can be anticipated that the 

synthesis of BCPs in the presence of inorganic particles could provide more complex self-

assembled structures.  

We recently reported the first N-tert-butyl-N-(1-diethyl phosphono-2,2-dimethylpropyl) 

nitroxide (SG1)-mediated synthesis of multipod-like silica/polymer latexes through BCPs 

self-assembly in aqueous emulsion.
15

 To that purpose, a brush-type PEO-based 

macroalkoxyamine initiator (P[(PEOMA950)12-co-styrene]-SG1 was adsorbed at the surface 

of silica particles, and used to initiate the growth of the hydrophobic block - composed of n-

butyl methacrylate (BMA) and a small amount of styrene (S) - directly in aqueous emulsion 

in the absence of surfactant. Varying the silica particle size or macroinitiator concentration 

led to the formation of composite particles with snowman-, daisy- and raspberry-like 

morphologies. Furthermore, size exclusion chromatography (SEC) analyses showed a shift of 

the molar mass with conversion in agreement with a controlled polymerization process. In the 

present study, we were further interested in studying the effect of pH, a parameter that 

already proved to strongly influence the morphology of the self-assembled BCPs in the 

absence of silica.
24

 While multipod-like silica/polymer composite particles were obtained 

below pH 6, increasing the suspension pH led to unconventional morphologies such as 

concentric core-shell-corona, half-capped, snowman-like vesicles, tadpoles and centipedes 

depending on the silica particle size. Cryo-electron tomography was used for the first time to 

visualize the 3D-structure of the composite particles formed in the presence of silica particles 
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of approximately 136 nm in diameter. Various intermediate morphologies could be clearly 

evidenced providing insights into the mechanism of particle formation and the morphological 

changes occurring at the silica surface under basic conditions, and notably the worm-to-

vesicle transition. 

 

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, 0.1 M solution in water), sodium hydroxide (0.1 M solution in water), ammonium 

hydroxide (28% wt/wt aqueous ammonia solution, Aldrich), tetraethyl orthosilicate (TEOS, 

≧ 99.0%, Aldrich) and 3-(methacryloxy)propyl trimethoxy silane (γ-MPS, 98%, Aldrich) 

were used without further purification. Deionized water (Purelab Classic UV, ElgaLabWater) 

was used for all experiments. 

 

Synthesis of silica particles. Submicronic silica particles 30, 136 and 230 nm in diameter, 

and with very narrow size distributions were synthesized as reported previously.
15

 Ultrafine 

silica particles (Dn = 30 nm) were synthesized using the two-phase process of Hartlen et al.
25

 

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. The temperature was increased to 60 °C, and 4.0 mL of TEOS was carefully 

introduced on top of the reactor leading to two separate phases. The stirring rate was fixed at 
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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 silica particles 30 nm in 

diameter. Larger monodisperse particles were obtained from these small silica seeds 

according to the so-called seed-regrowth process.
26 

In a typical regrowth reaction, the silica 

seed (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 M) was added. The mixture was stirred at 

room temperature for 24 h to get silica particles 136 nm in diameter. Finally, larger particle 

sizes were obtained using the conventional Stöber process in batch.
27

 Typically TEOS (29.12 

g, 0.2 M), deionized water (75.6 g, 6 M) and absolute ethanol (450 g, 13.9 M) were mixed at 

the beginning of the reaction, charged into a 1 L round bottom flask and stirred for 20 min. A 

mixture of ammonia and ethanol (ammonia solution diluted in 15 g of absolute ethanol, 0.3 

M) was introduced at once on the top of the flask and stirred for at least 24 h at room 

temperature to get 230 nm diameter silica particles. Figure 1 shows the transmission electron 

microscopy (TEM) images and size histograms of the silica particles used in this work.  

   
 

Figure 1. TEM images and size histograms of the silica particles used in this work. (A) Dn = 

30 nm, Dw/Dn = 1.01; (B) Dn = 136 nm, Dw/Dn = 1.01 and (C) Dn = 230 nm, Dw/Dn = 1.01

A B C 
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Synthesis of PEOMA-based brush-type macroinitiator. The brush-type PEOMA-based 

macroalkoxyamine initiator (P[(PEOMA950)12-co-S1]-SG1, Mn = 11 700 g mol
-1

 and Mw/Mn = 

1.11) was synthesized following a previously reported procedure.
24

 In a typical experiment, 

the monomers (PEOMA and S), SG1 and ethanol were introduced in an Erlenmeyer flask and 

the mixture was deoxygenated under nitrogen for 20 min at room temperature. The 

BlocBuilder
®
 alkoxyamine initiator was then added to the solution and nitrogen bubbling was 

carried out for 10 min. The mixture was then transferred into a three-neck round-bottom flask 

(500 mL) immersed in an oil bath, and heated at 78.5 °C. The reaction was conducted for 2 h 

and the final product was precipitated in diethyl ether and dried under vacuum before 

analysis. 

 

Emulsion copolymerization of BMA and S in the presence of macroalkoxyamine-

adsorbed silica particles. The emulsion copolymerization of BMA with a small percentage 

of styrene was carried out at 85 °C. Typically (entry EH01 in Table 1), a known quantity of 

macroinitiator (0.46 g; 2.4 mM) was dissolved in 25 g of water mixed with 136 nm diameter 

silica particles (50 g L
-1

). The pH was adjusted to 2.2 by the addition of a few drops of 

hydrochloric acid (0.1 M aqueous solution). The resulting suspension was then stirred with a 

magnetic stirrer (200 rpm) at room temperature for 30 min under nitrogen atmosphere. BMA 

and S (2.35 g of BMA and 0.15 g of S), were then added 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 while stirring at 200 rpm 

still with the aid of a magnetic stirrer. Time zero of the polymerization was taken when the 

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

monomer conversion by gravimetric analysis. Sodium hydroxide (0.1 M aqueous solution) 

was used to control the pH value of experiments performed at pH around 8 (EH05 and EH08, 

Table 1) before addition of monomer. 
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Table 1. Summary of experimental conditions and results for the surfactant-free synthesis of silica/polymer nanocomposite latex particles by 

emulsion copolymerization of BMA and S (8 mol%) at 85 °C using the P[(PEOMA950)12-co-S1]-SG1 copolymer as macroinitiator for different 

silica particle sizes and different pH values.
a
 

Entry 
Dn Silica 

(nm) 
b
 

[Silica] 

(g L
-1

) 
pH

c [Macroinitiator] 

(mmol  L
-1

) 

Target Mn 

(g mol
-1

) 
d
 

Conv. 

(%) 
e
 

Mn (Mw/Mn)
f 

(g mol
-1

) 

Zav (DLS) 

(nm) 

Poly  

(DLS) 

Dn (TEM) 

(nm)
g
 

Dw/Dn 

(TEM) 

EH01 136 50 2.2 (+) 2.4 79 266 53.4 58 300 (1.9) 232 0.55 80 1.03 

EH02 136 50 5.8 (+) 2.4 80 015 52.8 57 300 (1.8) 218 0.57 86 1.03 

EH03 136 50 6.7 (+) 2.4 80 513 74.9 56 900 (2.3) 636 0.28 / / 

EH04 136 50 7.7 2.1 90 229 80.3 51 300 (2.2) 651 0.28 / / 

EH05 230 50 8.2 2.4 80 940 65.3 42 300 (1.9) 2569 0.49 / / 

EH06 30 25 8.0 (-) 2.4 78 241 69.7 60 300 (1.8) 1020 0.50 / / 

EH07 30
 h
 25 5.2 (+) 2.4 79 730 72.1 47 600 (1.8) 166 0.04 / / 

EH08 30
 h
 25 8.1 (-) 2.4 79 600 63.5 47 600 (1.1) 206 0.12 / / 

a 
Total monomer concentration = 20 wt% and reaction time = 6h. 

b
 Determined by TEM. 

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

 d 
Theoretical molar mass at 100% 

conversion determined according to: Target Mn = Mn (macroinitiator) +  Mn (macroinitiator) x (initial mass of monomer/mass of macroinitiator). 
e
 Determined 

by gravimetric analysis. 
f 
Determined by SEC in THF using PMMA standards. 

g 
Diameter of latex particles in the TEM images. 

h
 γ-MPS-functionalized silica 

particles
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Characterizations. The composition of the macroalkoxyamine initiator was determined by 

1
H NMR spectroscopy (Bruker DRX 300) by the integration of the vinyl protons of the 

monomers using 1,3,5-trioxane as an internal reference (three vinyl protons for styrene at δ = 

6.74 ppm, 5.83 ppm and 5.25 ppm, and two CH2 protons for PEOMA at δ = 6.04 ppm and 

5.69 ppm).
24

 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. The samples 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 [3 × PLgel 5μm Mixed C (300 × 7.5 mm)] and a 

guard column (PL gel 5 μm). A calibration curve based on PMMA standards was used to 

calculate the average molar masses and molar mass dispersities. Samples synthesized in the 

presence of silica were first dried at room temperature for 2 days, and then diluted in THF 

(HPLC grade) under stirring. The solution was then centrifuged at 21000 rpm for 1 h to 

remove the silica particles before injection. The grafting density of the silane molecule was 

determined by thermogravimetric analysis (TGA) on a TGA Q50 from TA Instrument using a 

temperature ramp from 20 to 800 °C at a heating rate of 10 °C min
-1

. The particle size 

(average hydrodynamic diameter, Zav) was measured by dynamic light scattering (DLS) using 

the Nano ZS instrument from Malvern. The data were collected at 173° scattering angle using 

the fully automatic mode of the Zetasizer system. The broadness of the distribution was given 

by a dimensionless number called poly value determined from the autocorrelation function 

using the second-order method of cumulant analysis (the higher this value, the broader the 

size distribution). Before analysis, the samples were diluted in deionized water and the 

reported particle size represents an average of at least 3 measurements.  
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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, plate-forme de l’Université Claude Bernard, 

Lyon 1, Villeurbanne, France). Highly diluted samples were dropped on a formvar-carbon 

coated copper grid and dried under air. To prevent particle 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 particle size and 

morphology, the composite latex particles were characterized by cryo-transmission electron 

microscopy (cryo-TEM). The diluted samples were dropped onto 300 Mesh holey carbon 

films (Quantifoil R2/1) and quench-frozen in liquid ethane using a cryo-plunge workstation 

(made at LPS Orsay). The specimens were then mounted on a precooled Gatan 626 specimen 

holder, transferred in the microscope (Phillips CM120) and observed at an accelerating 

voltage of 120 kV. The number-average (Dn) and the weight-average (Dw) diameters of the 

silica particles and of the polymer nodules formed at the silica surface 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.  

Cryo-electron tomography (cryo-ET) experiments were performed on a Tecnai F20 FEG 

operating at 200kV using a Gatan 626 specimen holder (Chimie et Biologie des Membranes 

et des Nanoobjets, UMR 5248, Bordeaux, France). Automatic acquisition of tilt-series from -

60° to +60° at 2° intervals along the tilt axis was performed using the FEI tomography 

software. The defocus was ~10 μm, and the pixel size corresponded to 1.08 nm at the 

specimen level. For tilt–series alignment, the images were binned 2-fold and were aligned 

with the IMOD software package images,
28

 using gold particles as fiducial markers. The 
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tomographic reconstructions were calculated by weighted back-projection using Priism 

package.
29

  

 

RESULTS AND DISCUSSION 

As shown previously,
15

 surfactant-free emulsion copolymerization of BMA with styrene 

initiated by P[(PEOMA950)12-co-S1]-SG1 in the presence of silica particles in acidic 

conditions (pH < 6.0) allows the formation of a variety of composite particles. The 

morphology evolved from dumbbell- to daisy-, and then raspberry-like by varying the 

experimental conditions, and in particular the macroalkoxyamine initiator concentration. 

In the present study, we were further interested in exploring the effect of pH on the 

morphology of the self-assembled structures while varying simultaneously the silica particle 

size. Indeed, numerous studies
3,9,30,31

 have shown that this last parameter has a strong 

influence on the morphology of composite particles synthesized by emulsion polymerization 

irrespective of the synthetic strategy used. Furthermore, one might expect that a change in pH 

will favor the formation of non-spherical morphologies leading to new silica/BCP 

assemblies.  

 

Effect of pH. In a first set of experiments, the 136 nm diameter silica particles (Figure 1) 

were used to investigate the effect of the pH (and indirectly of the ionic strength) on the 

polymerization kinetics and particle morphology. It should be noted here that the natural pH 

of the silica suspension ([Silica] = 50 g L
-1

)
 
containing the macroinitiator (2.4 mM) was 

approximately 8.0. The pH was reduced to 7.7, 6.7, 5.8 and finally 2.2 (samples EH04, EH03, 

EH02 and EH01, respectively, Table 1) through the addition of hydrochloric acid, which 

obviously resulted in an increase of ionic strength. As shown in Figure 2, the conversion 
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versus time curves can be divided into two groups depending on pH. The polymerization rate 

decreased with decreasing pH from 7.7 (EH04) or 6.7 (EH03) to 5.8 (EH02) or 2.2 (EH01). 

 

 

Figure 2. Conversion versus time curves for surfactant-free emulsion copolymerization of 

BMA and S performed in the presence of 136 nm diameter silica particles using 

P[(PEOMA950)12-co-S1]-SG1 as macroinitiator (2.4 mmol L
-1

) for different pH values: EH01 

(pH = 2.2, ▼), EH02 (pH = 5.8, ), EH03 (pH = 6.7, ●) and EH04 (pH = 7.7, ▲) (Table 1).  

 

According to the literature, SG1 degrades under acidic conditions. This should result 

therefore in a decrease of the free SG1 concentration, and hence in higher reaction rates.
24

 

The fact that the reaction rate actually decreases is thus likely due to the concomitant increase 

of ionic strength as previously observed for polymerizations performed in the absence of 

silica.
24

 These two opposing effects (increase in rate with decreasing pH and decrease in rate 

due to a higher ionic strength) incidentally resulted in two overlapping pairs of plots 

(EH04/EH03 and EH02/EH01, respectively). Also, an effect of the silica particle surface on 

kinetics (which would be pH-dependent) cannot be completely ruled out. However, an in-

depth discussion of such effect is beyond the scope of this paper. Besides, SEC analysis 

(Figure S1 in the Supporting Information) showed the successful formation of block 
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copolymers regardless of the pH value, as attested by the shift of the SEC traces towards 

higher molar masses, with however a small proportion of dead chains. These results are 

similar to the ones reported in our earlier work in the absence of silica
24 

suggesting a similar 

level of control. 

Figure 3 shows cryo-TEM images of the hybrid particles synthesized at low pH (pH = 2.2 

and 5.8, respectively). As described earlier,
15

 multipod-like hybrids were observed under 

these conditions despite the fact that the ionic strength increased with decreasing pH, which 

should promote the formation of vesicles and/or worm-like micelles.
24 

This suggests that the 

presence of the inorganic particles is responsible for the deviation from the typical self-

assembly of block copolymers. Indeed, in the presence of silica, multipod-like particles are 

likely formed in the early steps of the PISA process (i.e. at very low monomer conversions) 

by self-assembly of BCP amphiphilic species generated both in water and at the silica 

surface.
15

 Under conventional circumstances, without inorganic particles, the self-assembled 

BCPs should aggregate together to form vesicles or polymer worms at higher monomer 

conversion. However, macroinitiator adsorption on the silica surface may stabilize the 

assembly and retard the onset at which such morphology transition would occur. The 

adsorption of P[(PEOMA950)12-co-S1]-SG1 onto silica was discussed in details in our 

previous paper.
15

 It was suggested that the macroinitiator adopts a flat configuration on the 

silica surface to maximize the interaction between the ether oxygen of the ethylene oxide 

units and the acidic silanol groups through hydrogen bonding. According to this scenario, a 

decrease in pH should promote adsorption as the number of binding site should increase. This 

may contribute to decreasing molecular mobility at the silica/polymer interface, which would 

further stabilize the assembled block copolymers and prevent any morphological evolution. 

When the pH was increased to 6.7, snowman-like vesicles (with the silica particles 

composing the head, and the vesicles the body) were mainly observed (Figures 3C and 3D). 
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Figure 3. Cryo-TEM images of silica/polymer composite particles obtained by nitroxide-

mediated surfactant-free emulsion copolymerization of BMA and S carried out in the 

presence of 136 nm diameter silica particles for different pH values. (A) pH = 2.2, (B) pH = 

5.8, (C, D) pH = 6.7 and (E, F) pH = 7.7 (EH01 to EH04 in Table 1). The arrows point to 

half-capped (white), core-shell (yellow), tadpole- (orange) and snowman-like vesicle (black) 

morphologies, respectively. Intermediate structures such as a branched worm and an open-

ended vesicle (indicated by blue arrows in Figures 3E and 3F) can also be seen. 
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As far as we know, this is the first example of vesicle self-assembly at the surface of 

inorganic particles. These vesicular structures likely originate from the fusion of the polymer 

nodules formed at the silica surface in the early stages of polymerization into short worms, 

which evolved into longer worms and finally vesicles upon increasing monomer to polymer 

conversions as schematically represented below (Scheme 1). We will return to the 

mechanism of vesicle formation later in the discussion. Note that such vesicular 

morphologies were previously observed at lower pH in the absence of silica (pH = 6.0), 

which again suggests that the latter contributes to retard their appearance. Worm-like 

micelles indeed constituted the primary morphology at pH = 6.7 in the absence of silica. 

 

 

Scheme 1. Suggested mechanism of formation of half-capped, core-shell, tadpole and 

snowman-like vesicle morphologies during nitroxide-mediated polymerization induced self-

assembly of BCPs at the surface of 136 nm diameter silica particles at pH 7.7. 
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A further increase in pH from 6.7 to 7.7 resulted in a complex mixture of kinetically-

trapped copolymer morphologies (Figures 3E and 3F). Cryo-TEM images showed the 

coexistence of three intrinsically different nano-objects: i) silica particles encapsulated by 

polymer with a regular core-shell structure (indicated by yellow arrows in Figure 3F), ii) 

silica particles “half-capped” by a polymer shell (white arrows in Figure 3E and 3F), and iii) 

snowman-like geometry, with silica (or encapsulated silica) particles bound to polymer 

vesicles (black arrows in Figure 3F). As worm-like micelles were the predominant 

nanoparticle morphology formed around pH 7 in the absence of silica, we suspect that the 

core-shell particles result from the fusion of the polymer nodules formed at the silica surface 

with neighboring nodules in a process similar to the formation of polymer worms in solution 

except that it is taking place at the inorganic particle surface, leading to the formation of a 

hemi-cap or of a complete shell. As they are growing, the polymer nodules may also undergo 

fusion with free latex particles formed in solution, leading to a tadpole-like morphology 

characterized by a silica or hemi-capped silica particle from which a worm-like micelle is 

extending (indicated by an orange arrow in Figure 3E) (Scheme 1).  

The formation of the vesicular morphology can also be understood as an extension from 

previous work,
32

 where polymer worms originate from the gradual evolution of spheres into 

dimers and trimers that evolve further to linear fibers and finally vesicles. The fact that both 

protruding polymer worms (i.e. polymer fibers extending from the inorganic particles in a 

tadpole-like morphology) and snowman-like vesicles are observed in Figures 3E and 3F seem 

to indicate that a similar phase rearrangement is taking place at the silica surface at pH 7.7. 

Armes et al.
32

 proposed a mechanism for the worm-to-vesicle transformation during the 

synthesis of poly(glycerol monomethacrylate)-b-poly(2-hydroxypropyl methacrylate) 

(PGMA-b-PHPMA) diblock copolymers by RAFT-mediated aqueous dispersion 
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polymerization. Careful monitoring of the HPMA polymerization by TEM revealed a variety 

of intermediate morphologies like branched worms, bilayer octopi- or jellyfish-like 

structures.
32

 Branching worms led to the formation of polymer tentacles that further wrapped-

up into jellyfish. The jellyfish structure was shown to be the final stage prior to vesicle 

formation: the jellyfish “tentacles” underwent fusion to form predominantly a vesicular 

phase. Such an intermediate branched worm structure is clearly visible on Figure 3E while an 

open-ended nascent vesicle morphology can be observed in Figure 3F (indicated by blue 

arrows).  

According to these observations, we hypothesize that polymer worms are first grown at the 

silica surface via the fusion of polymer nodules with freestanding latex particles in solution to 

form a tadpole-like structure comprised of a silica (or encapsulated silica) particle head and a 

polymer tail. The polymer tail would then undergo branching and partial coalescence to give 

an octopus morphology connected to one or several silica particles via its tentacles. Further 

wrapping and coalescence of the polymer tentacles would then result in a jellyfish structure 

originating from incomplete worm and/or bilayer fusion, and then finally completely wrap to 

form a vesicle (Scheme 1).  

Further evidence for tadpole-, half-capped, core-shell-corona and vesicular-like structures 

is given in Figure 4. Figure 4C shows an enlarged view of the tadpole- and core-shell 

particles. Remarkably, the brush-like surface of the latex (i.e. the corona) can be clearly 

observed (indicated by black arrows). A rough estimate of the corona thickness gives a brush 

layer of around 10 nm, which is consistent with the length of two PEO side chains from the 

comb-like macroalkoxyamine (i.e. approximately 2 × 6 nm). A thin sharp white contour 

(indicated by a red arrow) is also clearly visible at the polymer/silica interface. This could 

correspond to entrapped macroinitiator, however it is more likely due to an artifact resulting 

from fringes appearing at high defocus values chosen for enhancing image contrast. 
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Figure 4. Typical low (A, B) and high (C) magnification cryo-TEM images of silica/polymer 

composite latex particles obtained by emulsion copolymerization of BMA and S using 

P[(PEOMA950)12-co-S1]-SG1 as macroinitiator (2.1 mmol L
-1

) in the presence of 136 nm 

diameter silica particles at pH 7.7 (entry EH04, Table 1). The black and red arrows point to 

the polymer brush and to the silica/polymer interface, respectively. 

 

We have managed to capture an image of a partially wrapped octopus/jellyfish (blue arrow 

in Figure 4A), which is what we consider to be the final transitional structure towards the 

formation of a vesicle. Since the silica particle remains attached, the final nanohybrid 

structure resembles a snowman, with the silica (or encapsulated silica) particle forming the 

head and the vesicle forming the body. Interestingly, the thickness of the snowman-like 

vesicle bilayer is very close to the shell thickness of the core-shell or hemi-capped particles, 

supporting the assumption that all three self-assembled structures originate from the fusion of 

the polymer nodules formed at the silica surface. Further evidence of such worm-to-vesicle 

transition is provided in the following section.  
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Cryo-electron tomography (cryo-ET) analyses. Cryo-ET was used to gain a deeper 

insight into the complex structures of the polymer/silica hybrid particles shown in Figures 3 

and 4. Cryo-ET is a method of choice for 3D imaging of single objects. This technique 

consists in the acquisition of a series of cryo-TEM images of a single object viewed at 

different angles relative to the electron beam and the 3D reconstruction. In materials science, 

this approach has been developed for the study of mesoporous materials,
33,34,35,36

 

nanocomposite particles,
37

 carbon nanotubes,
38

 dispersions of silica particles into natural 

rubber,
39

 and self-assembled aggregates.
40

 Two main types of morphologies were selected for 

cryo-ET analysis to directly confirm their structure: i) the regular core-shell-corona particles 

(which contains in this particular example two silica beads), and an intermediate branched 

worm structure protruding from the silica particle surface (Figures 5 and 6, respectively). 

Figure 5 shows the results for the double-core-shell particles.  

 

 

Figure 5. Cryo-ET analysis of concentric double-core-shell-corona hybrid particles (EH04). 

(A) Cryo-TEM image showing the nano-object that has been selected for the reconstruction 

map. (B) Series of z slices of the tomogram from the particle selected in image A showing 

complete silica encapsulation. (C) Selected image of the red square in image B. The red 

arrow points to the polymer brush. Scale bar: 100 nm. 
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The particles shown in Figure 5A were selected for the cryo-ET experiment. Analysis of 

the x-y sections (Figure 5B) shows that the silica particles (dark in the images) are fully 

covered by polymer (grey in the images). The z slices of the reconstruction also show the 

brush-like surface (red arrow in Figure 5C) of the polymer. The polymer shell is clearly 

visible from the top to the bottom of the silica nanoparticles suggesting that the latter are 

fully encapsulated.  

Figure 6A shows the cryo-TEM image of an intermediate partially coalesced branched 

worm structure (particle N° 1 highlighted by the blue rectangle), previously denominated as 

an octopus structure in the literature. Interestingly, the octopus structure is connected to the 

silica particle by one of its tentacle providing further evidence that BCP self-assembly is 

occurring at the silica surface. Inspection of the cross-sections (Figure 6B) reveals that the 

silica particle (which appears as bright) is again fully encapsulated by polymer (light grey in 

the images). To gain further insight into particle morphology, segmentation was used to 

generate graphical representations demonstrating the remarkable 3D structure of the particles 

(Figure 6C), which was not observable from the x-y sections of the 3D volume only (Figure 

6B). The visualization of the segmented volume was observed from three directions in Figure 

6C. The structure of the protruding tentacle (green arrow) connecting the encapsulated silica 

with the nascent bilayer vesicle (red arrows) and the brush-like surface (orange arrows) of the 

polymer can be clearly seen in these 3D images. This cryo-ET analysis also remarkably 

shows the wrapping-up of the octopus tentacles (white arrow) to form the jellyfish that will 

evolve further into a vesicle. As mentioned above, this jellyfish nanostructure was already 

shown to be a key intermediate during the polymerization-induced worm-to-vesicle transition 

during the synthesis of self-assembled copolymers by RAFT dispersion polymerization.
32

 

However, this is to our knowledge the first report describing the formation of such 

morphologies using NMP, furthermore in the presence of inorganic particles. Such a transient 
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morphology is difficult to be confirmed with cryo-TEM only. The present article thus 

highlights the benefits of advanced techniques like cryo-ET for more accurate 

characterization of particles with complex shapes such as the ones reported in this work. 

 

 

Figure 6. Cryo-ET analysis of an intermediate branched worm structure with protruding 

tentacles (EH04). (A) Cryo-TEM image of the selected particle. (B) Selected z-slices of a  

volume reconstructed from image A. (C) Isosurface of the tomogram rendered in top, 45° and 

from views, respectively. Scale bar: 200 nm. 

  

Finally, although this was not the predominant morphology at high pH values, the 

snowman-like composite particles shown in Figure 7A were also characterized by cryo-ET. 
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Figure 7B shows a series of cryo-TEM images at different tilt angles. Again, the polymer 

brush is clearly visible at the particle surface. Surprisingly, the polymer nodule (indicated by 

red arrows) does not appear spherical but as an oblate spheroid. There are several possible 

explanations; however further work is necessary to verify our observations before 

extrapolating to a conclusion.  

 

 

Figure 7. (A) Cryo-TEM image of a snowman-like composite particle (EH04 in Table 1) and 

(B) Gallery of the selected particle observed at different tilt angles. 

 

Effect of silica particle size. Compared to conventional PISA of BCPs, the inclusion of 

silica by a route that promotes polymer formation at its surface led to very different 

morphologies depending on the suspension pH. Therefore, given the importance of silica on 

morphology, we then varied the size of the silica particles under basic conditions in order to 

see its effect on the self-assembly. An experiment was first conducted using the 230 nm 

diameter silica particles at pH 8.2 (EH05, Table 1). As shown in Figure 8, "perfect" core-

shell composite particles, indicated by the yellow arrows in Figures 8A and 8B, were 

predominantly formed coexisting with worm-like micelles. Half-capped particles (white 

arrow in Figure 8B) could also be occasionally seen. The polymer worms appeared as 

independent nano-objects or as tails protruding from the silica surface. As mentioned above, 

B A 
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such morphologies likely result from the fusion of the polymer latex particles formed in the 

early stages of the polymerization (either at the silica surface or in the water phase). Worm-

like micelles being the predominant morphology in the absence of silica under these 

conditions, no other morphologies were observed in this sample.  

 

  

Figure 8. Cryo-TEM images of silica/polymer composites particles obtained by emulsion 

copolymerization of BMA and S carried out at pH 8.2 in the presence of 230 nm diameter 

silica particles using P[(PEOMA950)12-co-S1]-SG1 as macroinitiator (EH05 in Table 1). The 

arrows point to the protruding polymer worms (black) and to core-shell (yellow) or half-

capped (white) morphologies, respectively. 

 

Figure 9 shows the morphology obtained for smaller silica particles (Dn = 30 nm, EH06, 

Table 1) still under basic conditions (pH 8.0). Interestingly, a centipede-like structure was 

formed. These hybrid particles consisted of polymer worms that were decorated by silica 

particles with a second, spherical polymer nodule. Similarly, polymer vesicles decorated with 

silica particles with a second spherical nodule, were also observed. In both cases, most of the 

spherical polymer latex particles were in direct contact with the silica particles although a 

few of them also appeared free in water. As before, such morphologies can be attributed to 

the PISA process. As vesicles and worms are formed by the fusion of spherical latex particles 
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obtained at very low conversions, the presence of residual latex particles at the surface of the 

silica-armored fibers and/or vesicles suggests that these higher-order morphologies originate 

from the fusion of polymer nodules between dipods or tripods of silica particles and polymer 

spheres. Not all of the polymer nodules are involved during the sphere-to-worm and worm-

to-vesicle transitions which results in a hybrid morphology with a 2
nd

 order hierarchical 

structure. Such dipod or tripod assemblies were indeed the predominant morphologies for 

low silica particle size using 1.6 mM of macroinitator below pH 6.15
  

 

 

Figure 9. Cryo-TEM images of silica/polymer composite latex particles obtained by 

emulsion copolymerization of BMA and S carried out at pH 8.0 in the presence of 30 nm 

diameter silica particles using P[(PEOMA950)12-co-S1]-SG1 as macroinitiator (EH06 in Table 

1). (A, B) Silica-armored worm-like micelles and (C) silica-armored vesicles. 

 

The silica-armored vesicles of Figure 9C are reminiscent of the hybrid vesicle 

morphology reported earlier by Semsarilar et al.
41

 during electrostatic adsorption of cationic 

alumina-coated silica particles onto anionic vesicles, made by PISA. However, to the best of 

our knowledge, this is the first time that such a morphology is realized by in situ self-

assembly of BCPs at the surface of silica particles in a one-step procedure. On a related note, 

Mable and co-workers
19

 recently reported the successful encapsulation of silica nanoparticles 

within the lumen of diblock copolymer vesicles prepared via PISA. However, unlike the 
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present work, the macroRAFT agents synthesized by Mable et al. did not display any 

physico-chemical interaction with the silica particles, and encapsulation was the direct 

consequence of the self-assembly process that enabled the silica particles to diffuse within the 

jellyfish before the completion of membrane formation. In the present work, macroinitiator 

adsorption at the silica surface favored the growth of polymer nodules, preventing the silica 

particles from being encapsulated as the latter were maintained adsorbed at the surface of the 

polymer worms and vesicles during the fusion process leading to silica-armored 

morphologies.  

With the aim to encapsulate the silica particles into worm-like micelles or vesicles, they 

were functionalized by -methacryloxypropyl trimethoxysilane (-MPS) in order to promote 

encapsulation by covalent attachment of the formed polymer at the silica surface, as 

previously reported in the literature.
42

 The grafting was carried out in a hydroalcoholic 

medium at room temperature for 24 h and the grafting density was determined by TGA using 

equation S1 as described in the Supporting Information. We found a grafting density of 4.2 

μmol m
-2

, value in the same range as the highest values previously reported for similar 

grafting reactions,
43,44 

while FTIR confirmed the surface chemical modification with the 

presence of the carbonyl and methacrylate groups of the silane molecule (Figure S2 in the 

Supporting Information).  

An emulsion polymerization experiment (EH07, Table 1) was then conducted in the 

presence of -MPS-functionalized silica particles at pH 5.2, whose conditions should lead to 

the formation of spherical particles. As expected, polymer-encapsulated silica particles were 

produced under these conditions with several silica particles being surrounded by polymer 

(Figures 10A and 10B).  
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Figure 10. Cryo-TEM images of polymer-encapsulated silica particles obtained by emulsion 

copolymerization of BMA and S carried out in the presence of γ-MPS-functionalized silica 

particles (Dn = 30 nm) using P[(PEOMA950)12-co-S1]-SG1 as macroinitiator for different pH 

values. (A, B) pH = 5.2 (EH07) and (C, D) pH = 8.1 (EH08) (Table 1). The arrows point to 

worm-like micelles. 

 

Another experiment was then performed at pH 8.1 in order to favor the formation of 

worm-like micelles. However, as shown in Figures 10C and 10D, spheroidal polymer-

encapsulated silica particles were again observed together with some eccentric core-shell 

particles and a few dipods. On close inspection of Figure 10C, polymer fibers (indicated by 

black arrows) could also be occasionally seen, but these fibers did not contain any silica 

particle. One possible explanation for the failure to encapsulate silica particles into worm-like 
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micelles and/or vesicles in the present system is the formation of covalent bonds between the 

silica particles and the growing polymer chains. Such chemical bonds would decrease the 

mobility of the self-assembled block copolymers and would consequently prevent them from 

fusing to generate elongated morphologies and/or vesicles, the silica particles playing 

somehow the role of a cross-linker. Indeed, several authors have shown that in situ cross-

linking of nano-objects during PISA decreases molecular mobility preventing any 

morphological transition to take place.
45,46,47

  

 

CONCLUSIONS 

In summary, we have investigated the effect of pH on the self-assembly behavior of 

P(PEOMA-co-S)-b-P(BMA-co-S) diblock copolymers at the surface of colloidal silica 

particles of various diameters. A brush-type PEO-based macroalkoxyamine was selected to 

interact with the silica surface though hydrogen bonding, and further used as macroinitiator 

to control the growth of the hydrophobic block through NMP-mediated emulsion 

polymerization. Depending on the pH value and the silica particle size, nanocomposite 

particles with multipod-, concentric core-shell-corona, snowman-like vesicular, tadpole- and 

centipede-like morphologies were successfully achieved using P[(PEOMA950)12-co-S1]-SG1 

as macroalkoxyamine. While very small silica particles led to armored fibers and/or vesicles, 

much larger particles resulted almost exclusively into core-shell structures. Interestingly, the 

use of an intermediate silica particle size led to a complex mixture of kinetically-trapped 

copolymer morphologies. Cryo-ET was used to better characterize these morphologies and 

capture the intermediate structures observed during particle synthesis providing clear 

evidence of the morphological transitions occurring at the silica surface, notably the sphere-

to-worm and worm-to-vesicle transitions, which significantly enhanced our understanding of 

the detailed mechanism of BCP self-assembly at the surface of inorganic particles. At last, 
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our attempt to encapsulate functionalized silica particles into polymer worms was 

unsuccessful as the introduction of polymerizable moieties favored the formation of chemical 

bonds between the polymer chains and the silica surface, hindering morphological transitions 

in a similar way as when using a cross-linker. As far as we know, this is the first time that 

such mechanistic insights have been reported about the polymerization-induced self-assembly 

of block copolymers in the presence of inorganic particles.  

 

SUPPORTING INFORMATION 

The supporting information is available free of charge on the ACS Publications website at 

DOI:   

SEC traces of the macroalcoxyamine initiator and of the final P(PEOMA-co-S)-b-P(BMA-

co-S) self-assembled block copolymers. Experimental conditions for -MPS grafting of the 

silica particles and FTIR characterization. 
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