Soft Matter
PAPER
Site-speciﬁc growth of polymers on silica rods†
Cite this: Soft Matter, 2014, 10, 9644

Bo Peng,*a Giuseppe Soligno,b Marlous Kamp,a Bart de Nijs,a Joost de Graaf,a
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Colloids speciﬁcally developed for self-assembly (SA) into advanced functional materials have rapidly
become more complex, as this complexity allows for more ways to optimize both the SA process and
the properties of the resulting materials. For instance, by creating ‘patchy’ particles more open structures
can be achieved through directional interactions. However, the number of ways in which site-speciﬁc
chemistry can be achieved on particle surfaces is still limited. Here, we show how polymer patches can
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be speciﬁcally grown onto only the ﬂat end of bullet-shaped silica rods by utilizing a subtle anisotropy in
surface tension and shape caused by the growth mechanism of the rods. Conversely, if the bulletshaped silica rods are used as ‘Pickering-emulsion’ stabilizers the same surface tension eﬀects
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exclusively direct the orientation of the rods into a ‘hedgehog-morphology’. Finally, we demonstrate
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how an external electric ﬁeld can direct the particles in a ‘vectorial’ way.

1. Introduction
Considerable attention has been paid in recent years to
colloidal particles that combine an anisotropic shape with a
composite structure, because they combine the properties of
diﬀerent materials in one particle and allow anisotropy in
materials properties. This leads to potential applications that
are hard to achieve by either the materials alone or with
spherically shaped particles, such as in the fabrication of
optical, electronic, and sensing devices or as llers for the
paint and coating industries.1–8 In addition, if the symmetry
of the particles can be broken along the direction of the
anisotropy, the resulting particles can in principle be pointed
in specic directions with an external electric eld. For
instance, in the case of photo-catalytic rod-like particles that
split water into its elemental components this would allow
more easy separation of the oxygen and hydrogen produced
by such systems.9–11 Furthermore, the anisotropic interactions between such particles could be exploited in new
collective assembly strategies, such as amphiphilic behaviour seen in particles composed of parts with varying
hydrophilicity or surface roughness and liquid crystalline
behaviour.12–14 Much eﬀort has been devoted to the synthesis
and self-assembly of anisotropic hybrid particles, e.g. small
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clusters of spherical or dumbbell-shaped particles,15–17
oriented surface modication of spheres placed on a
substrate or interface,18–20 or directed nucleation on the
surface of primary particles.21–23 Oriented surface modication has also been used to provide silica rods with gold tips.24
Such so-called Janus rods have also been prepared by
combining conventional lithography with nanorod
synthesis25–27 and by electroplating in an anodic alumina
membrane.28 Moreover, reactive ion etching of polymer rods
out of a multilayer polymer lm using colloidal particles as
masks29 has been demonstrated. These multistep procedures
yield well-dened rods, but in small quantities.
Recently, our group developed a method to produce monodisperse rod-shaped silica colloids by droplet-induced directional growth of silica via the hydrolysis and condensation of a
silica precursor.30 The cylindrical particles grow out of water-inoil emulsion droplets containing polyvinylpyrrolidone (PVP)
and end up with one rounded end, where the silica growth
started, and one at end to which the droplet remained stably
attached. This remarkable manner of attachment is exemplied
by the fact that the rods could be elongated by further additions
of the silica precursor.30 Indeed, He et al.31,32 produced amphiphilic silica rods in this way by post-addition of a second
organo-silica precursor.
Aer the rods were removed from their original reaction
mixture the water droplets disappeared and there was only
slight anisotropy of the shape on both ends of the rod. We
recently checked if the asymmetry in the ends gives rise to
directionality of the rods in nematic and smectic liquid crystal
phases formed by these bullet-shaped particles. This turned out
not to be the case as was demonstrated by particles for which
the uorescence intensity was not constant over the length of
the rods.33
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Here, we used these particles, aer surface modication
with a silane coupling agent containing the monomer of
polymethylmethacrylate (PMMA), as seeds in a typical
dispersion polymerization (of methylmethacrylate (MMA) or
styrene (St)). We found that the polymer bulbs that formed at
the ends of the rods became attached exclusively at the end
where once the water droplet had been. Interesting hybrid
organic–inorganic colloids with anisotropic properties in the
direction of the length of the rod can be produced in this
manner. We investigated the cause of the preferred attachment by tuning the shape and surface chemistry of the rods
and we are now able to control the attachment site.
Furthermore, we found that the silica rods could also replace
the usual polymeric steric stabilizer in dispersion polymerization by collectively attaching end-on to the surfaces of
growing PMMA particles, as in a Pickering emulsion. Particles with a unique hedgehog-like (or porcupine-like) architecture were produced in this way. Finally, we performed freeenergy calculations to determine the stability of these
hedgehog-like assemblies.

2.

Results and discussion

2.1. Synthesis
Several batches of silica rods were synthesized following the
method from our previous work (details can be found in the
ESI†).30 A typical monodisperse silica rod system with a diameter (D) of 327 nm and a length (L) of 1.2 mm is shown in the
inset of Fig. 1a. The 3D reconstruction of the particle shape,
achieved by electron tomography,34,35 clearly shows the bulletlike shape and the diﬀerence between the two ends of the rods,
one of which is hemispherical while the other is almost at. In
order to use these particles as seeds their surfaces were rst
modied with the silane coupling agent trimethoxysilyl propyl
methacrylate (TPM). A typical one-pot dispersion polymerization of the monomer in a polar medium was then carried out: all
the agents (TPM modied silica rods, PVP as a stabilizer, initiator, monomer (MMA or St) and solvent) were added to a ask
and dispersed homogeneously under a nitrogen stream. Elevation of the temperature then initiated the polymerization.
Details of the synthesis and purication are given in the ESI.†
Interestingly, the obtained hybrid particles exhibited a lollipop
shape due to the exclusive attachment of the polymer bulbs to
the less curved tips of the rods. Typical systems are shown in
Fig. 1b–d (for PMMA) and S1† (for PS). The growth location of
the polymer bulbs was independent of the aspect ratio (from 1.9
to 5.8) of the rods. The concentration ratio of monomer to seed
particles also did not inuence the growth location, but only the
size of the polymer bulb. The recipe was not yet optimized to
prevent secondary nucleation of PMMA, however this did not
attach to the silica rods and could be easily removed by
centrifugation. Upon increasing the amount of reactants in the
synthesis, the yield was readily scaled up and the obtained
particles possessed a good uniformity in shape (see ESI and
Fig. S1a†).
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Fig. 1 Transmission electron microscopy (TEM) images of the hybrid
silica–PMMA particles. (a) 3D reconstruction using electron tomography of a single silica rod showing that the two ends have diﬀerent
curvatures. The insets show a close-up of the ﬂat end and a TEM image
of the silica rods (L ¼ 1.2 mm and D ¼ 327 nm). (b) TEM images of
‘lollipop-shaped’ particles made from long rods (L ¼ 1.3 mm and D ¼
225 nm). The PMMA bulbs (DPMMA ¼ 940 nm) only attached at the ﬂat
end of the rods. The insets show an occasional detached PMMA bulb
that displays a clear indentation and a single hybrid particle at higher
resolution. (c) TEM image of lollipop-shaped particles (DPMMA ¼ 868
nm) made from short rods (L ¼ 737 nm and D ¼ 384 nm) at a mass ratio
of 9.7 : 1. The insets show a single particle at a higher resolution and
the result of etching the silica seed with HF. (d) A similar result (DPMMA
¼ 603 nm) at a lower mass ratio between MMA and silica rods of
4.85 : 1. The lower inset shows the as-synthesized particles after
ﬂuorescent labelling in a solvent matching the refractive index of silica.
The scale bar in a is 200 nm and 500 nm in the inset. The scale bars in
(b–d) are 2 mm and 200 nm in the insets.

2.2. Exploration of the formation mechanism
We monitored in more detail the formation of the PMMA bulbs
at the at ends in the sample of Fig. 1c by taking samples at
diﬀerent times during the preparation. The samples were
quenched in a large amount of room-temperature solvent to

TEM images, taken at intervals, of the attachment and growth of
a PMMA bulb onto the ﬂat end of the silica rods. The lower row shows a
cartoon of the process. The scale bar is 200 nm.
Fig. 2
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prevent further growth. TEM images of these samples are
shown in Fig. 2 (also see Fig. S2 and S3†). It is clear that PMMA
nuclei are mainly present on the at end of the silica already
early in the reaction (see Fig. S2†). However, small side-on and
edge-on nuclei were also found (see the insets in Fig. S2†). A
little while later only end-on nuclei appeared, and these nuclei
were seen to have merged (see Fig. S3†), aer which a PMMA
bulb grew until the monomer ran out. The contact line between
the PMMA and silica appeared to be pinned at the edge of the
silica bullet, i.e., the bulb does not ‘spill over’ much onto the
side of the rod, leading to a relatively large droplet and giving
the particle its distinctive lollipop shape.
In order to investigate why the PMMA so strongly prefers to
attach to the at ends several additional experiments were
performed. The commonly used surface coating with the
silane coupling agent TPM strongly promotes the nucleation
of dispersion-polymerized PMMA on silica, but it is expected
to cover the whole silica surface. The necessity of TPM treatment was seen from an experiment in which this step was
omitted: no association between the PMMA and silica was
observed at all and separate PMMA spheres were formed
instead (see Fig. S4†). A surface treatment with TPM (or similar
compound) is what allows spherical silica seeds to be partially
wetted by PS so that they can be decorated with one or more
polymer bulbs.2,22 Fig. S5† shows such a result using our exact
synthesis protocol. Alternatively, if the silica surface is wetted
completely by the PMMA, the silica becomes covered with a
complete and uniform layer: this is shown in Fig. S6† where a
dispersion polymerization in an apolar medium (hexane/
dodecane) was used in conjunction with a comb-gra stabilizer of polyhydroxystearic acid graed onto PMMA (for details
see ESI†), similarly as already described for the coating of
silica spheres.36
Two reasons can be put forward to explain the exclusive
attachment of PMMA to the at silica ends: the rst is a lower
surface free energy for nucleation of a hemispherical monomerswollen PMMA droplet at a at surface as compared to a
rounded surface. A second possible explanation is that the
surface chemistry of the at silica end diﬀers from that of the
rest of the surface. During the silica synthesis this end
remained in contact with the water droplet, which contained a
high concentration of PVP and sodium citrate,30 and could
therefore contain diﬀerent amounts of organic residues. For
example, from elemental analysis and porosimetry we know
that a small percentage of PVP is actually incorporated into the
silica.33 It is conceivable, then, that the at silica end contains
more PVP than the other surfaces. Such an excess quantity is too
small, however, to detect with analytical methods.
The surface chemistry of the rods can be made more uniform
by coating them with an additional thin layer of silica with the
usual seeded Stöber growth method (for experimental details
see ESI†).37 When a 15 nm coating was applied, the edges of the
silica rods also became slightly rounded, but their original
shape was largely preserved. Aer the usual TPM treatment this
thin silica coating was enough to direct part of the PMMA
toward the sides of the silica rods (see Fig. 3 and S7†). A further
increase of the silica coating to 150 nm led to two ends with
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Control over the PMMA bulb growth location. (a) Attachment of
the PMMA bulb to silica rods that have been coated with an additional
layer of 0, 15, and 150 nm of silica. The silica–MMA mass ratio was
9.7 : 1. (b) 3D electron tomography reconstruction of a single silica rod
with two rounded ends due to a 150 nm coating. (c) TEM images of
rods (two identical ends, L ¼ 1.7 mm, and D ¼ 0.78 mm) with a PMMA
bulb (D ¼ 2.04 mm) attached to the side of each rod. The insets show a
single hybrid particle observed from diﬀerent viewing angles at a high
resolution. (d) TEM images of hybrid particles at a lower mass ratio of
4.85 : 1. The insets show schematic images of these hybrid particles at
diﬀerent viewing angles. The scale bar is 200 nm, 500 nm, 10 mm and 5
mm in (a, b, c and d), and 500 nm and 1 mm in the insets of (b and d),
respectively.
Fig. 3

nearly the same curvature. This time PMMA formed a single
bulb, but it attached to the silica rod side-on. This experiment
suggests that the surface heterogeneity principally determines
the location of the PMMA attachment. However, since the
thickness of the silica coating still seems to inuence the PMMA
distribution a shape eﬀect cannot be excluded.
A way to remove any surface heterogeneity with little change
in the shape of the silica seeds is a 24 hour treatment with
piranha solution. This is expected to remove any organic residues and to result in a uniform hydroxylated silica surface.
However, we found that most, but not all, PMMA was still
attached to the ends of the silica rods (see Fig. S8†). Alternatively, a calcination step at 500  C is expected to certainly
remove all organics. Aer further re-hydroxylation and TPM
coating steps the PMMA this time attached to the edge of the
rods (see Fig. S9†). Although the calcination also caused a slight
rounding of the silica edge the particle shape was largely
preserved. The most likely explanation for the PMMA attachment location therefore seems to be a diﬀerent surface chemistry of the at ends as the dominant eﬀect, with perhaps some
additional inuence of the particle shape. Moreover, these
experiments present useful ways to manipulate the morphology
of hybrid organic–inorganic particles.
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2.3. Silica rods as colloidal stabilizers

2.4. Adsorption free-energy calculations

The ‘perfect’ (meaning 100% eﬀective) site-specic attachment
of PMMA to the as-synthesized silica rods suggests that they
could conversely serve to stabilize these polymer particles by a
mechanism similar to that in a Pickering emulsion.38 In recent
years, it has been shown that rod and disk shaped particles can
also eﬃciently stabilize emulsion droplets or foam bubbles, by
attaching solely side-on to them.39–41 On the other hand, our
silica rods are expected to attach end-on to the PMMA, which
would be quite unique. Therefore, we again performed a
dispersion polymerization of MMA in the presence of TPMmodied silica rods, but this time omitted PVP as the steric
stabilizer (for details see the ESI†). First, rods with a at tip and
an aspect ratio of 1.9 were used at a silica : MMA weight ratio of
1 : 4.85. Nearly monodisperse hedgehog-shaped hybrid particles were obtained, as shown in Fig. 4a and b. From these
images, one can indeed distinguish that only the at ends
attached to the PMMA phase, as expected, covering the whole
PMMA surface. The fact that the PMMA is present as separate
particles shows that the bullet-shaped silica rods successfully
played their role as a shape-anisotropic steric stabilizer. A
similar result was obtained with longer rods (Fig. 4c), where a
smaller amount of PMMA (silica : MMA ¼ 1 : 2.43 in mass) was
stabilized. Also, in accordance with our earlier observations
rods with two rounded ends were all attached side-on (Fig. 4d),
and the stabilized quantity of monomer further decreased to
one h the amount of the short rod system (silica : MMA ¼
1 : 0.97).

Experiment and theory have shown that the preferred orientation of attachment of a cylinder to a uid interface is determined by the length-to-diameter ratio and the contact angle of
the cylinder.42 In order to better understand the mechanism
behind the observed phenomena and get a better idea of the
generality of the approach we discovered with our silica rods, we
numerically analysed the adsorption free energy of a single
bullet-shaped rod with homogeneous surface properties at a at
liquid-liquid interface shown in Fig. 4a and b by using a triangular-tessellation technique and employing reasonable estimates of the surface tensions between silica, (liquid) PMMA and
methanol (see ESI† for the method used).43–46 The results are
shown in Fig. S12 and 13.† The planar interface can be used to
model the adsorption of a particle to a spherical droplet, when
the curvature of the droplet is not too small, and can therefore
be employed to gain insight into the stability of the observed
hedgehog assemblies. According to the minimum adsorption
free energy, a side-on conguration of surface-homogeneous
silica particles attached to the PMMA phase is more favorable
than the at end-on conguration. However, the at end-on
conguration is a metastable state, separated from the global
minimum by a high energy barrier (several hundred kBT). This
means that once the rod attaches to the PMMA with its at end,
thermal uctuations are insuﬃcient to change that situation.
This is true even when very low interfacial tensions (down to 0.1
mN m1) are assumed. In this case, the exclusive presence of
the end-on conguration in the hedgehog-like structures could
be related to the experimentally observed preference of the
PMMA to nucleate on the at end of the silica bullets, thus
favouring an initial metastable state which is preserved during
the PMMA growth. The complete absence of rods that lie at on
the interface in the experiment, however, raises the question
whether rods without a PMMA bulb, could orient themselves
perpendicular to the interface upon adsorbing, as an initial
contact with the interface that would result in adsorption to the
equilibrium conguration (side-on) is quite likely.44 That is, are
there parameters for which the bullets can absorb to the PMMA
end-on in a stable way, with the side-on attachment being
unstable/metastable? The preferential nucleation of PMMA at
the at end of the bullets indicates that there may be surface
heterogeneities, which contribute to the behaviour of these
colloids. Therefore, we included a surface chemical heterogeneity into our model by giving the at side of the rod a diﬀerent
contact angle (q1) than the rest of its surface (q0). As shown in
Fig. 5a, two distinct minimum energy orientation regions (blue
and red) emerged in which the bullet-shaped rods prefer to
stand up on the interface. This straight-up orientation becomes
favourable when the contact angles are suﬃciently diﬀerent
(away from the diagonal in Fig. 5a), in particular when |cos q0| >
0.3, i.e., when the rounded (non-at) surface is either suﬃciently wettable or suﬃciently non-wettable with respect to
PMMA. A reduction of the contact angle is then seen to lower
the energy minimum for end-on attachment below that for sideon attachment (Fig. 5b and c). For instance, the following
combinations of the surface tensions: g1sg  g2sg ¼ 4.2  105

PMMA particles stabilized by silica rods instead of PVP during
synthesis as a Pickering emulsion. (a–c) PMMA stabilized by 100% ﬂatend attachment: ‘hedgehog conﬁguration’. (a) SEM and (b) TEM images
of short rods (aspect ratio of 1.9) stabilizing PMMA colloids prepared at
a silica to MMA mass ratio of 1 : 4.85. (c) SEM image of long rods
(aspect ratio of 4.2) stabilizing the PMMA at a mass ratio of 1 : 2.43. The
inset shows a TEM image. (d) SEM image of rods (aspect ratio of 2.2,
coated with extra silica to produce two rounded ends) stabilizing
PMMA at a mass ratio of 1 : 0.97. The inset shows a TEM image. The
scale bars are 5 mm in (a and b) and 2 mm in (c and d), and 500 nm in the
insets, respectively.

Fig. 4
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Adsorption free-energy calculations of rod-shaped particles at
an interface. (a) Contour plot of the minimum free-energy orientation
of the rods (aspect ratio is 1.9) where the colour coding refers to the
polar angle f (between the interface normal and the rotational
symmetry axis of the particle, also see Fig. S11a†) as indicated graphically on the right, as a function of the cosine of the contact angles q1
(the ﬂat base of the bullet rods, shown in red) and q0 (the remaining
surface). (b) Orientation dependence of the free energy (minimized
with respect to the distance from the interface) for a bullet-shaped rod
adsorbed at the interface and various ﬂat-end contact angles q1 taken
along the dashed line where cos q0 ¼ 0.42. (c) Free-energy diﬀerence between the end-on conﬁguration and side-on conﬁguration of
a bullet-shaped rod (L ¼ 737 nm and D ¼ 384 nm) as a function of the
ﬂat-end contact angle for cos q0 ¼ 0.42 ﬁxed. (d) Orientationdependence of the free energy of adsorption (minimised with respect
to the distance from the interface) for a spherocylindrical rod (aspect
ratio is 2.2, as in Fig. 3d and 4d, no ﬂat end) for cos q0 ¼ 0.42, showing
only a side-on equilibrium conﬁguration. 1 kT ¼ 4.11  1021 N m.
Fig. 5

N m1 and g1sr  g2sr $ 1.5  106 N m1 (the subscripts 1, 2,
s, r and g refer to liquid 1, 2, solid, at the red (at) surface and at
the green (rest) surface (see Fig. 5), 1 is the solvent and 2 is the
droplet, and g12 is adopted as 0.0001 N m1, for details see the
ESI†), would result in the at attachment becoming stable. In
addition, this reduced contact angle on the at end of the bullet
with respect to that on the sha, is also observed in the experiment. The sample in the inset of Fig. S2† shows a bullet to
which two polymer bulbs are attached at diﬀerent sites. The
gure clearly indicates that for this system q1 is much lower
than q0, which provides strong evidence of the validity of our
model. We therefore conclude that heterogeneity in surface
chemistry may indeed play an important role in the formation
and stability of the observed hedgehog assemblies. A similar
conclusion was reached for rods of aspect ratio 4.2 (for details
see Fig. S15–17†). For the rods with two rounded ends (spherocylinder-like silica rods) and without surface heterogeneity,
used in Fig. 4d, only a side-on attachment possesses the
minimum energy (see Fig. 5d). This explains why no colloidal
hedgehogs are observed for this system and only PMMA droplets with rods attached side-on were found. Also, the calculation
results of end-on to side-on attachment in our model are
consistent with the experimental observation in Fig. 3a, which
proves the validity of our model. Despite the fact that the
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triangular-tessellation-based calculations do not model the
process of nucleation of small droplets, it is tempting to relate
the above adsorption-based results to the mechanism of PMMA
nucleation, which occurs exclusively at the at end of the bulletshaped rods and does not occur for spherocylindrical rods (see
Fig. 1 and 3d). Indeed, surface heterogeneities probably play an
important role in this nucleation, as indicated by the experimental ndings combined with our theoretical analysis.
However, further studies of this more complicated problem are
required before a denitive theoretical determination of the
eﬀect of local surface heterogeneities and curvature (shape) on
the nucleation and growth of PMMA can be made. That is to say,
the assumption of a planar uid–uid interface in our model,
could lead to quantitatively (and possibly qualitatively) diﬀerent
results than if we had modeled the adsorption to a droplet with
radius comparable to the size of the bullet. Indeed, Zeng et al.47
pointed out that for a spherical particle the consequences of the
interfacial curvature can be signicant. However, a similar
calculation for our bullet shaped particle is exceedingly complex
and therefore goes beyond the scope of the current
investigation.

2.5. Vectorial alignment of the lollipop particles
The one-sided attachment of PMMA onto the bullet-shaped
rods allows them to be uniformly directed by an electric eld, as
illustrated in Fig. S10 (for details see the ESI†). The same was
not possible for the silica rods alone.33 Presently, research is
ongoing to determine what is the most important contribution
to this vectorial alignment as several factors (charge on the rods,
double-layer thickness, and dielectric polarizability diﬀerences)
possibly all contribute to this eﬀect.

3.

Conclusions

In conclusion, hybrid silica–polymer particles were prepared via
a typical dispersion polymerization in which the locus of the
attachment of the polymer onto the silica rod could be
controlled. At an early stage of the reaction the polymer nuclei
preferentially attached to the at end of the bullet-shaped silica
rods, aer which they grew to form a single spherical bulb there.
Upon modication of these rods by growing extra silica layers or
calcination, the location of polymer attachment could be shifted from end-on to side-on. We used this preferred attachment
to produce PMMA particles from which multiple silica rods
protrude perpendicularly like the spines of a hedgehog. Theoretical calculations show that the attachment location and
stability of the rods to the hedgehog can be explained in terms
of a diﬀerence in surface chemistry between the at end and the
sha of the silica rods, while the geometry mainly acts to trap
the polymer. The broken symmetry in terms of material properties of our particles along the length direction also makes it
possible to vectorially direct the individual particles with
external elds, which may have important implications for the
self-assembly behaviour of these particles.
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Lollipop-shaped polymer–silica colloids were synthesized
through a multi-step approach, which involved bullet-shaped
silica rod synthesis, surface modication of rods, and polymer
growth in a dispersion polymerization. The details are
described in the ESI.†
4.2. Side-on attachment of polymers to silica rods
In order to shi the attachment of the polymer to the rods from
end-on to side-on, the surface of rods was made chemically
homogeneous prior to surface decoration with TPM, either
through coating with extra silica layers or calcination (the
details are provided in the ESI†). Subsequently, the monomer
became graed onto the side of the rods in a typical dispersion
polymerization in the presence of the stabilizer and thermal
initiator.
4.3. Colloidal silica rods as stabilizers
The silica rods can also play the role of the chemical surfactant
in our system, which sets our system apart from classical
dispersion polymerization. Typically, TPM modied silica rods
were dispersed in methanol along with the initiator; aer a
deoxygenation step, the elevation of temperature started the
polymerization. The structure of products mainly depended on
the surface properties and geometry of the rods.
4.4. Adsorption free-energy calculations
Adsorption free-energy calculations were performed using a socalled triangular-tessellation technique, in which the surface of
the particles was approximated by a large number of triangles.
In this model, only one rod-shaped particle adsorbed to the at
interface between two liquids was considered. The free energy
of adsorption is governed by the surface area that results from
contact between the various media. The details can be found in
the ESI.†
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