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Experimental section

Materials

In the synthesis of silica rods: tetraethyl orthosilicate (TEOS, 98%, Aldrich) was used as the 

precursor for the silica rods. Ammonia (NH3, 29 wt% solution in water, Merck) was used as 

the catalyst. Poly(vinylpyrrolidone) (PVP, K-30, Aldrich) with an average molecular weight 

of 40,000 g/mol, 1-pentanol (≥ 99%, Sigma), ethanol (chemical grade, Baker), and sodium 

citrate dihydrate (≥ 99%, Sigma) were used as received. De-ionized water was used in all 

experiments and was obtained from a Millipore Direct-Q UV3 reverse osmosis filter 

apparatus.

In the preparation of hybrid particles: Methyl methacrylate (MMA, Aldrich) was 

passed over an inhibitor removal column (Aldrich) at room temperature. After the inhibitor 

was removed, MMA was stored in a refrigerator at +4 oC for not longer than 1 month. 

Styrene (St, Fluka) was passed through a homemade activated alumina filled column to 

remove the inhibitor and used immediately. Azo-bis-isobutyronitrile (AIBN, Janssen 

Chimica) was re-crystallized from ethanol before use. Poly(vinylpyrrolidone) (PVP, K-90, 

Fluka) with a molecular weight of 360,000 g/mol and PHSA-g-PMMA (a poly(12-

hydroxystearic acid) (PHSA) grafted PMMA copolymer) were used as stabilizers. The 

PHSA-g-PMMA stabilizer, dissolved in a mixture of ethyl acetate and butyl acetate, was 

homemade and its synthesis is described by Antl et al.s1 Rodamine b isothiocyanate (Aldrich) 

was used as fluorescent dye. 1-Octanethiol (≥ 98.5%, Aldrich), methanol (chemical grade, 

Biosolve), acetone (chemical grade, Baker), hexane (chemical grade, Biosolve), dodecane (> 

99%, Sigma-Aldrich), sulfuric acid (95%, Fisher), and hydrogen peroxide (35% in water, 

Merck) were used as received.

3-(Trimethoxysilyl) propyl methacrylate (TPM, 98%, Aldrich) was used as the coupling 

agent between silica rods and PMMA. Hydrofluoric acid (HF, 48 wt% in H2O, Sigma-



Aldrich) was diluted to about 5 wt% with de-ionized water and then used to selectively etch 

the silica rods.

Procedure for silica rods synthesis

The silica rods were synthesized using the method detailed in previous papers.30, 33 Typically, 

bullet-shaped rods with a length of 737 nm and a diameter of 384 nm were prepared as 

follows: 80 ml of PVP (K-30) was dissolved in 800 ml of 1-pentanol by sonication until all 

PVP was dissolved, and placed in a 1 L glass flask. Then, 80 ml of ethanol, 40 ml of de-

ionized water and 8 ml of 0.18 M sodium citrate dihydrate aqueous solution were added to 

the PVP/pentanol mixture. The flask was shaken by hand for 2 min. Subsequently, 16 ml of 

ammonia was added, and the flask was shaken again by hand. Then, 8 ml of TEOS was added 

to the mixture, and briefly shaken to mix the content. The flask was left to rest and the 

reaction was allowed to proceed for 36 h. The length of the rods can be readily tuned by 

using various amounts of water. More details can be found in refs. 30 and 33. After the 

reaction the silica rods were thoroughly cleaned by centrifugation and re-dispersion in 

ethanol by sonication 4 times, and finally dried with a nitrogen stream at room temperature. 

The morphology of the rods can be easily tuned by growing silica layers in a precise 

way using seeded growth.30, 33, 37 For the 15 nm thick silica layer, 0.4 g of silica rods was 

dispersed by sonication in a mixture consisting of 40 ml ethanol, 1.3 ml water and 1.6 ml of 

ammonia. Then, 0.2 ml of TEOS was added. The reaction was allowed to proceed for 24 h. 

For the rods with two rounded ends, a ~150 nm thick silica layer was grown on the original 

silica rods. This process can be achieved through a multi-step growth of silica layers using in 

total of 7 ml TEOS. The final products were washed three times with ethanol and dried at 

room temperature. 

In one experiment the rods were treated with a piranha solution (sulfuric acid and 

hydrogen peroxide at a 3:1 v/v ratio) to clean their surface from organic residues. First, the 



dried rods (~ 0.05 g) were dispersed in sulfuric acid (~ 9 ml) by sonication. Then, hydrogen 

peroxide (~ 3 ml) was added to the suspension of rods, and the dispersion was stirred 

overnight. The next day, the rods were separated by centrifugation and rinsed with de-ionized 

water until the pH was close to 7. Finally, the rods were dried at room temperature for further 

use. 

Procedure for TPM coating

To provide a basis for the PMMA to react to, the silica rods were treated with the coupling 

agent 3-(trimethoxysilyl) propyl methacrylate (TPM). Typically, 0.3 g of dried rod-like silica 

particles were dispersed in 5 ml of ethanol after which 1 ml of ammonia and 3 ml of TPM 

were added. The mixture was sonicated for 1 min to disperse the rods. The mixture was then 

stirred for 3 h at a moderate stirring rate (~100 rpm) at room temperature. After this 

procedure, the suspension was transferred to a 50 ml round bottom flask and vacuum distilled 

at room temperature to promote the condensation reaction as Philipse et al.s2 described. After 

about 20 min, 1-2 ml bright, gel-like suspension remained at the bottom of the flask, and the 

distillation was stopped. This TPM grafted silica (named TPM-SiO2) was purified by 3 cycles 

of centrifugation/re-dispersion in methanol. The final samples were dispersed in methanol 

and stored at +4 oC for no longer than one week.

Procedure for hybrid polymer-silica particles synthesis

Hybrid PMMA-silica particles were synthesized through the co-polymerization of TPM 

grafted silica rods with methyl methacrylate (MMA) in a polar medium. Typically, a mixture 

containing 0.4 g PVP (K-90), 0.051 g TPM-SiO2 rods, and 4.1 g methanol was prepared. 

Then, MMA containing 1 wt% of initiator (AIBN) was added. This reaction mixture was 

deoxygenated for 1 h by bubbling nitrogen through the mixture. Subsequently, the flask with 

this mixture was placed in a pre-heated silicone oil bath and maintained at 55 oC, and stirred 

at 100 rpm for 24 h before cooling down to room temperature. The obtained particles were 



rinsed three times with methanol using a centrifuge (Hettich Rotina 46 S, at 315 g for 20 min). 

The products were stored in methanol for further purification to remove the free polymer 

particles by sedimentation. By simply scaling up the reaction (e.g., five times the initial 

quantities), the yield of the rods increased, while the quality remained the same, and the result 

is shown in Figure S1a.

Hybrid PS-silica particles were synthesized in a similar way to that of PMMA-silica 

particles. In detail, 0.1 g PVP (K-90), 0.05 g TPM-SiO2, and 4.1 g ethanol mixed 

homogeneously by sonication for 1 min, and then, St (~ 0.24 g) containing 1.2 wt% of 

initiator (AIBN) was added to the mixture. A de-oxygenation (N2 bubbling through the 

mixture for around 1 h) was carried out prior to the co-polymerization. Co-polymerization 

took place at 70 oC, and was continued for 24 h. The products were washed with ethanol at 

315 g for 20 min (Hettich Rotina 46 S) three times to remove the un-bonded stabilizer and 

monomer, and stored in ethanol for further purification to remove the free polymer particles. 

The result is shown in Figure S1b.

Based on the recipe aforementioned recipe, a variety of hybrid particles was 

successfully prepared by making use of silica rods that had undergone diverse treatments.

To selectively remove the silica from hybrid particles, hydrofluoric acid (HF) was used and 

diluted to about 5 wt% with de-ionized water first. Then, HF aqueous solution was added in 

excess to the suspension of hybrid particles (~ 0.1 wt% in water), and kept stirring (~ 100 

rpm) for 30 min. Subsequently, the particles were rinsed three times with de-ionized water to 

purify the residue of the hybrid particles, and the final product was stored at room 

temperature for characterization.

In the dispersion polymerization where silica rods rather than PVP acted as the 

stabilizer, the procedure was similar to the dispersion polymerization just described. 

Typically, 0.05 g of TPM-SiO2 rods was dispersed in 4.1 g of methanol. Then, various 



amounts of MMA containing 1wt% (based on the monomer mass) of AIBN were fed into the 

dispersion of rods under constant stirring (~ 100 rpm). After 1 h of deoxygenation, the flask 

was immersed in the silicone oil bath at 55 oC and maintained for 24 h. After the reaction was 

complete, the un-reacted MMA was removed by three rinse cycles with methanol, and the 

obtained product was stored in methanol for observation. 

Purification of the hybrid particles from the polar solvent

The synthesis of hybrid particles also results in a number of free PMMA particles. In order to 

purify the hybrid particles, a mixture of glycerin and water was used in combination with a 

centrifuge (Hettich Rotina 46 S), to separate the hybrid particles from the mixed system. An 

empirical weight ratio (α) between glycerin and water was used, calculated by: 
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where ρg, ρw and ρm are the density of glycerin (1.261 g/cm3), water (0.997 g/cm3) and 

mixture of glycerin and water at 25 oC, respectively. Considering the density of PMMA of 

about 1.18 g/cm3, we selected the density of the mixture (ρm = 1.20 g/cm3) to be slightly 

higher than PMMA. The separation was carried out with a Hettich Rotina 46 S centrifuge, at 

800 g for 5 hours. After the third purification, the particles dispersed in methanol and 

centrifuged three times to remove the remainder of the glycerin/water mixture. Ultimately, 

the obtained particles were stored in methanol for future use. 

Procedure for dying the particles

The as-synthesized hybrid particles were labeled with a fluorescent dye. First, an amount of 

hybrid particles (~ 0.1 g) was collected through a centrifugation process and the supernatant 

was removed. Then, the hybrid particles were dispersed by sonication in 5 ml of pentanol 

containing 1 mM of Rodamine b isothiocyanate (RITC) in a 20 ml glass vial. The suspension 

was stirred at 100 rpm for 2 days at room temperature. Subsequently, the labeled particles 



were washed twice with pentanol, once with methanol, and three times with de-ionized water, 

respectively, by centrifugation. After drying under a nitrogen stream at room temperature, the 

fluorescently labeled hybrid particles were stored in a dark glass vial for further observation.

In order to minimize interference from light scattering, refractive index matching 

between the particles and solvent is desired. However, due to the fact that the particles are 

made of two types of materials, fully refractive index matching is impossible. Considering 

the refractive index of silica (1.45) and PMMA (1.49), we chose a mixture of glycerin and 

water (roughly 9:1 in weight)s3 to refractive index match with the silica rods.

In fact, the following confocal scanning laser microscopy observation indicated that 

the dye only partly penetrated into the particles, developing core-shell fluorescently labeled 

particles (see the inset in Figure 1d).

Characterization

To determine the details (size, polydispersity and morphology and internal structure) of the 

particles, transmission electron microscopy (TEM) was performed with a Philips Tecnai 10 

(accelerating voltage ≤ 100 kV). A diluted sample suspension was deposited on a copper grid 

coated with a polymer membrane which was carbon coated, and the sample was allowed to 

dry at room temperature. Tomographic reconstructions were made by taking TEM images at 

angles ranging from -70o to +70o with intervals of two degrees and aligned using gold 

markers. The software used for alignment and reconstruction is the IMOD package made by 

the Boulder laboratory in Colorado.34, 35 For the Tomogram generation the SIRT algorithm 

was used with 70 iteration steps and a radial filter cut-off of 0.4 and falloff of 0.05.

Scanning electron microscopy (SEM) was carried out with a Philips XL30FEG 

microscope to observe the surface morphology and shape of the particles. The samples were 

prepared by placing a drop of dispersion on a grid and allowing the solvent to evaporate at 



room temperature. The samples then were sputter-coated with a layer of platinum (Pt) about 3 

nm. 

Confocal scanning laser microscopy (CSLM) was used to help assess the structure of 

the fluorescently labeled hybrid particles. The dried fluorescently labeled particles (~ 0.01 g) 

were dispersed in the mixture of glycerin of water (~ 1 g, 9:1 in weight) in a small vial 

(contents ~ 1 ml) with the help of a sonication bath. To be able to use the cell in the CSLM 

setup, the bottom of the vial was removed and replaced with a thin cover glass, which was 

glued to the vial using epoxy glue. A Nikon confocal scanning laser can head (Nikon C1) was 

operated in fluorescence mode on a Leica (DM IRB) inverted microscope. Measurements 

were performed with a Leica 100× oil confocal immersion lens with a numerical aperture of 

1.4. The fluorescent particles were excited at around 543 nm, and their images were observed 

at emission wavelengths of around 605 nm.

Electric field

Electric cells were prepared from capillaries with inner dimensions 0.1×1×5 mm. These 

capillaries had been treated with 3-trimethoxypropylsilylmethacrylate prior to use, to counter 

the sticking of particles to the capillary walls. Wire electrodes from Goodfellow (diameter 

0.05 mm and composition 95% Ni, 5% Al/Mn/Si) were spanned along the sides.  A HP 

33220A 15 MHz Function/Arbitrary Waveform Generator provided sinusoidal electric fields 

with 2V peak-to-peak voltage. A Krohn-Hite 7602M Wideband Amplifier was used for 

amplification of the signal to 15-20V. 

The electric cells were filled with a dispersion of lollipop particles in ethanol. This 

dispersion was prepared from an aqueous dispersion by centrifugation, exchange of solvent, 

and sonication in a Branson 2510 sonication bath. The dispersion was used directly after 

preparation, since ethanol etches away the PMMA sphere in the course of a day. Prolonged 

storage in water also seemed to reduce the described vectorial orientation in the electric field.



Electric field experiments were recorded on a Leica SP8 confocal microscope. This 

microscope was equipped with a Plan Apo 63x oil immersion lens (NA = 1.32). Wavelengths 

of 495 nm and 543 nm were selected from the spectrum of a white light laser by means of an 

acousto-optical beam splitter (AOBS). Two detectors recorded in different imaging modes:  a 

PMT in reflection mode, and a more sensitive hybrid detector in fluorescence mode. The 

fluorescence channel captured photons from a wavelength range about the emission 

maximum of the rhodamine dye. The reflection channel was set to capture light of 

wavelength 495 nm. In other words, this channel recorded scattering of light of 495 nm by 

the particles. Scattering occurs due to the refractive index match mismatch between the 

solvent (n = 1.362) and the particles (silica rods: n ~ 1.45, PMMA spheres: n = 1.49). We 

were able to tune the gain of both channels such that only the spheres were visible in 

reflection mode, due to the larger refractive index mismatch between the PMMA spheres and 

solvent as compared to the silica rods and solvent. The silica rods were visible in the 

fluorescence channel.  The two channels were displayed in different 8-bit color look-up 

tables: reflection mode in green and fluorescence mode in red. The final images were 

acquired by overlaying these two channels. 

We worked with AC fields rather than DC fields to eliminate (1) gathering of the 

particles at the electrodes and (2) solvent hydrolysis. Frequencies of about 0.5 Hz appeared 

slow enough to allow vectorial orientation. We needed at least five images per second for 

accurate sampling of the motion. For this reason, scanning was bidirectional and at a speed of 

1400 Hz, while the images had a rectangular shape with a resolution of 1024 by 512 pixels. 

With these settings, the scanning rate was 5.24 frames/s.



Experimental results

 

Figure S1. a, Scanning electron microscopy (SEM) image of non-spherical hybrid silica-

PMMA particles prepared in bulk by using the monomer (methyl methacrylate, MMA) and 

rods at a weight ratio of 4.85:1. This result was obtained by scaling up by five times the 

recipe mentioned in the experimental section. b, Transmission electron microscopy (TEM) 

image of lollipop-shaped hybrid particles prepared by using styrene and rods at a weight ratio 

of 4.85:1. The scale bars are 2 µm.



Figure S2. TEM image of hybrid particles obtained 20 minutes after the start of the 

polymerization of MMA in the presence of silica rods as seeds. It clearly indicates that 

primary nuclei of monomer were preferentially, but not exclusively, attached to the flat ends 

of the silica rods. The scale bars are 2 µm in the main figure and 500 nm in the insets, 

respectively.



Figure S3. TEM image of hybrid particles obtained 40 minutes after the start of the 

polymerization of MMA in the presence of silica rods as seeds. Most of the PMMA bulbs are 

located at the flat surface of the rods. The scale bar is 2 µm.



Figure S4. TEM image of a system prepared with bare silica rods (without TPM treatment) 

and monomer (MMA). Clearly, PMMA did not attach to the rods. The scale bar is 2 µm. 


