
Magnetic assisted self-assembly 

M. Furlan and M. Lattuada* 
 

*Swiss Federal Institute of Technology Zurich 
Wolfgang-Pauli Strasse 10, 8093 Zurich, marco.lattuada@chem.ethz.ch 

 
ABSTRACT 

 
Materials produced via self-assembly of nano- and 

micro-particles are becoming of great interest in many 
applications, such as in chromatography, membrane 
separation, catalyst supports, bio-inspired materials, and 
scaffolds for cell growth. These materials can be prepared 
from colloidal suspensions of polymer or ceramic particles 
such as silica or alumina, and have usually a random porous 
structure. One of the biggest challenges is to prepare 
materials with a better organized pore structure. We have 
recently introduced a new method, called magnetic 
gelation, which allows one to create porous polymeric 
material with anisotropic structure. This method, although 
effective, is limited to the production of polymeric 
monoliths where the polymers can be produced via 
miniemulsion free radical polymerization. In this work we 
present a different strategy, which allows one to increase 
the range of materials that can be used for the production of 
monoliths with organized pore structure. In this process, 
polymeric-magnetite nanoparticles are not gelled, but are 
used as directing agents in a sol gel growth of silica. The 
particles are aligned with an external magnetic field during 
the silica condensation. After completing the sol gel process 
the polymer particles are burned out by calcination, leading 
to an anisotropic silica monolith. 
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1 INTRODUCTION 
 
The use of nano-building blocks for the self-assembly of 

material with advanced functionality is nowadays of 
paramount interest. [1,2] The most investigated type of 
building blocks are spherical nanoparticles because such 
particles can be produced from a variety of materials with 
good control over size and distribution, and their surface 
can be functionalized by means of chemical reactions. [3–5] 
The self-assembly of those particles is usually isotropic, 
which limits the variety of structures that can be obtained. 
[6] Therefore, modification of the nanoparticles is needed 
in order to obtain material capable of anisotropic behavior. 
[7–9] Among the different opportunities, the encapsulation 
of magnetite nanocrystals is one of the most studied. 
magnetic nanocrystals are used for a variety of applications 
such hyperthermia and drug delivery [10–13], bioseparation 
[14] and magneti- cally separable catalysts. [15] Small 

magnetic nanocrystals exhibit superparamagnetic behavior, 
which means that they develop dipolar interactions only in 
the presence of an external magnetic field. [16] 
Nanoparticles with many nanocrystals encapsulated inside 
them can develop a strong dipole moment parallel to the 
applied magnetic field. [17, 18] The assembly of such 
magnetic nanoparticles has been investigated by many 
research groups. One dimensional chains can be 
spontaneously formed if the particles are subjected to an 
external mag- netic field. [19] Different works have been 
recently reported, in which either the particles forming the 
chains are linked together by a chemical reaction between 
groups on their surface or by depositing ceramic 
compounds (e.g. silica or titania) on the surface of the 
chains. [19–23] Even non magnetic nanoparticles can be 
aligned into chains if they are dispersed in a magnetic fluid. 
These particles act as magnetic holes, meaning that they 
experience a magnetic moment in the opposite direction to 
that of the magnetic fluid. [24] In a recent work, we 
demonstrated that it is possible to obtain anisotropic 
polymeric porous monolith via a process that we called 
magnetic gelation. [17] This process is based on the ca 
pability of charge stabilized nanoparticles to self-assemble 
into a colloidal gel when their charges are screened through 
the addition of an electrolyte. By applying a magnetic field 
during this process the particles align themselves in the 
direction of the magnetic field. When the process is 
completed a soft porous gel is formed, which can be 
hardened by the reactive gelation process developed by 
Marti et al. [25] Since this process can only be applied to 
the case of polymer-magnetite nanoparticles produce via a 
free radical polymerization, we propose to use magnetic 
nanoparticles as shape directing agents in order to prepare 
anisotropic monoliths made of a broader range of materials. 
In this process the particles are aligned in the direction of 
the magnetic field and the structure is fixed by depositing 
silica on the surface of the chains. The silica, produced via 
the sol gel route is not only covering the chains but it is also 
crosslinking the chains together forming a monolith at the 
end. By calcining this monolith the polymer can be easily 
removed leaving a highly porous silica monolith with 
anisotropic structure. 

 
  

2 EXPERIMENTAL 
 
The magnetic assisted self-assembly process consists of 

two main steps. The first one is the production of the 
magnetic nanoparticles. These are used in the second step 
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as a template for the sol gel synthesis of silica monoliths. If 
during this process a magnetic field is applied, the 
nanoparticles behave as directing agents by aligning 
themselves in the direction of the applied magnetic field. 
 

2.1 Materials and instruments 

Divinylbenzene technical grade (DVB), 2,2’-azobis-
isobutyronitrile purum ≥ 98% (AIBN) and diethyl ether 
puriss were obtained from Fluka. Iron(II) chloride Re-
agentPlus 99% (FeCl2), ricinoleic acid technical grade 
˃ 80% (RA) and acetone spectrophotometric ≥ 99.5% were 
obtained from Sigma-Aldrich. Iron(III) chloride (FeCl3) 
extra pure 99+% and n-hexadecane 99% (HD) were 
obtained from Acros Organics. Styrene general purpose 
grade (St) was obtained from Fisher Scientific. 
Tetramethoxysilane 98% (TMOS) was obtained from 
ABCR. Acetic acid glacial was obtained from Carlo Erba 
reagents. If not specified the chemicals were used as 
obtained.  

 
2.2 Synthesis of ricinoleic coated Fe3O4 

Oil soluble magnetite nanocrystals were produced via a 
modification [26] of the coprecipitation method developed 
by Massart. [27] In a typical reaction 3.90 g of FeCl2·4H2O 
and 10.71 g of FeCl3·6H2O were mixed in 80 ml of H2O. 
Once the salts were completely dissolved a mixture 
composed of 5.6 g of ricinoleic acid and 4.8 g of acetone 
was added. Then, the solution was heated up to 80 °C, 
followed by the addition of 27 ml of NH3. The reaction was 
carried out for 30 min, then the solution was cooled down 
to room temperature. The product was then precipitated in 
acetone, washed 3 times with water and acetone and then 
dried for 12 hours. The product was subsequently 
redispersed in diethylether, filtrated magnetically and dried 
in rota-vapor at 40 °C and 700 mbar. 

 
2.3 Synthesis of polymer-magnetite  

nanocomposites  

3 g of the above synthesized magnetite nanocrystals 
were dispersed in 5.4 g of styrene, 0.6 g divinyl benzene, 
1.45 g diethyl ether, 0.125 g hexadecane and 0.06 g AIBN. 
The obtained oil phase was then mixed with a solution 
composed of 48 g water and 0.60 g Pluronics F68. The 
obtained mixture was sonicated for 15 min at 35% 
amplitude with a duty cycle of 0.5 seconds. The 
miniemulsion was then transferred to a three neck bottle, 
flushed with N2 for 5 minutes and then heated up to 70 °C 
for 5 hours, at which point almost complete conversion of 
the monomer was reached. 

 
2.4 Synthesis of silica monoliths 

The synthesis of the silica monoliths is based on a 
modification of a recipe described elsewhere. [28] In a 

typical procedure, 4.7 ml of the above prepared latex were 
mixed with 1 ml of acetic acid solution (0.05 M) and 2 or 
0.5 ml of TMOS. The solution was stirred at 1250 rpm for 
30 min at 0 °C. Then the solution was poured in two molds, 
one of which was put in an oven at 40 °C, while the second 
one was put in an heat jacket inside a magnetic field of 1T 
at 40 °C. Both samples were cured for 12 hours. The 
obtained monoliths were first immersed in a solution of 
water-ethanol 1:1 by volume for 24 hours and then in pure 
ethanol for additional 48 hours. In order to remove all the 
water, the ethanol was replaced with fresh one every 
12 hours. The monoliths were then dried in an oven at 
50 °C for 3 days and finally calcined at 600 °C for 3 hours. 
 
 

3 RESULTS AND DISCUSSION 
 
In our previous work we have shown that we are able to 

produce anisotropic monoliths via a process that we named 
magnetic gelation. [17] This procedure, which is a colloidal 
gelation of magnetic polymer composite nanoparticles in 
the presence of a magnetic field, followed by a post-
polymerization reaction, is restricted only to polymeric 
systems, and more specifically to polymers that can be 
produced via free radical polymerization. Herein we report 
a generalization of our previous work, which allow us to 
prepare anisotropic ceramic-based materials created via sol-
gel method. This process uses the ability of polymer 
magnetite nanoparticles to align themselves in the presence 
of a magnetic field together with the formation of a 
monolith obtained via sol-gel route.  

The proposed method is based on two steps, during the 
first of which magnetic nanoparticles are produced via 
miniemulsion polymerization. These particles are sterically 
stabilized by the surfactant pluronics F68, which keeps the 
latex stable in the acetic acid/TMOS solution. Due to the 
presence of a steric surfactant the particles do not coagulate 
together once the magnetic field aligns them. In order to 
encapsulate a sufficiently large amount of magnetic 
nanocrystals in a polymer nanoparticle, we added some 
diethyl ether to the monomer phase, which increases the 
solubility of magnetite inside the monomer droplets. During 
the reaction diethyl ether evaporates out of the particles, 
this leading to a small decrease in the droplets volume, to 
an increase in the weight amount of magnetite per droplet 
and to an increase in the surface density of surfactant 
available for the stabilization of the droplets. In this manner 
encapsulation of up to 50 wt% of magnetite in a polymer 
particle has been achieved. [17] For this work we 
encapsulated 33 wt.% of magnetite, which is sufficient to 
align the 137 nm large nanoparticles.  

The second step of the process is the growth of a silica 
gel around the particles, which act as shape directing 
agents. As can be seen from Figure 1(a) in the presence of a 
magnetic field the polymer particles align themselves in the 
same direction of the magnetic field, so that chains of 
particles are formed. These chains are then covered by 
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silica condensing around them. The condensation of silica 
take place in the following way: the methoxy groups of 
TMOS are first hydrolyzed catalytic by acetic acid, 
followed by the condensation of two hydroxyl groups with 
the release of one molecule of water as byproduct. Silica 
starts depositing itself around the chains, eventually 
covering them. This process is a condensation 
polymerization, leading not only to the formation of 
polymer nanoparticles chains covered by silica, but also to 
a crosslinking of the chains due to polymerization of silica 
that creates a network. 

 

      
(a)                                             (b) 

      
(b)                                            (d) 

 
Figure 1: SEM pictures of a gel produced with 10 wt% of 
latex and 8 wt% of TMOS. (a) SEM picture of a monolith 
produced with a magnetic field of 1T and (b) of a monolith 
produced without a magnetic field before calcination. (c) 
and (d) SEM pictures of monoliths produced with and 
without a magnetic field after calcination, respectively. 

 
The alignment process is practically instantaneous, 

whereas the sol-gel process take longer time, so that once 
the silica starts depositing on the particles, they are already 
aligned in chains. In the absence of a magnetic field the 
silica starts depositing on the surface of the nanoparticles, 
covering them and linking them together until a monolith is 
formed. As can be seen from Figure 1(b) the formed gel 
shows a fractal structure which is similar to those obtained 
with a conventional reactive gelation process, [25] which 
starts from a colloidal gelation of charge stabilized particles 
in the presence of an electrolyte. The reactive part of the 
process consists in swelling the nanoparticles with 
additional monomer, which is then polymerized after 
gelation in order to impart good mechanical properties to 
the monolith. In the magnetic assisted self-assembly the 
monolith is hardened via calcination at 600 °C, and at this 
temperature all the polymer particles can be burned away, 
leading to a pure silica monolith. As can be seen from 
Figure 1(c) and Figure 1(d) the polymer is completely 
removed by calcination but the overall structure is 
maintained. A comparison of the pictures before and after 

the calcination indicates that there are no significant 
differences in the structure. 
 

      
(c)                                             (b) 

      
(d)                                            (d) 

 
Figure 2: SEM pictures of a gel produced with 10 wt% of 
latex and 28 wt% of TMOS. (a) SEM picture of a monolith 
produced with a magnetic field of 1T and (b) of a monolith 
produced without a magnetic field before calcination. (c) 
and (d) SEM pictures of monoliths produced with and 
without a magnetic field after calcination, respectively. 
 

All monoliths from Figure 1 were obtained with 8 wt% 
of TMOS, and under these conditions the primary particles 
are clearly visible. By increasing the amount of TMOS to 
28 wt% it is not possible to distinguish the individual 
primary particles any longer, because the silica layer 
deposited on the particle surface is very thick. What can be 
observed are only bundles of particle aligned in one 
direction when the monolith was cured in the presence of a 
magnetic field, as Figure 1(a) clearly shows. If the magnetic 
field is not applied, what can be observed are clusters of 
particles completely covered by a thick silica layer (see 
Figure 1(d)). Again, when the monolith is calcined at 
600 °C the polymer particles are burned away, but the silica 
skeleton is preserved (see Figure 2(c) and Figure 2(d)). 

 
 

4 CONCLUSION 
 
In this work we have introduced a novel method for the 

production of three dimensional porous silica monoliths 
with anisotropic structure. The bottom up approach of this 
method is based on two main steps. In the first step 
magnetic polymer nanocomposites are prepared via 
miniemulsion polymerization. Ricinoleic acid coated 
magnetite nanocrystals are first produced via 
coprecipitation reaction from iron salts in alkaline media 
and then dispersed in the monomer phase with the help of 
diethyl ether. The oil phase is then miniemulsified and then 
polymerized in the presence of a steric surfactant. In the 
second step the obtained latex is mixed with acetic acid and 
TMOS and cured in a magnetic field. The 
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superparamagnetic nanoparticles, due to the high amount of 
magnetite contained, align instantaneously driven by strong 
dipolar interactions in the same direction as the magnetic 
field, and then are covered by silica that is condensing and 
growing from the precursor. At the end a silica monolith is 
obtained by calcining the polymer-silica monolith at high 
temperature. During the calcination process the polymer is 
burned away, but the obtained structure is retained. This 
process is not only restricted to the production of silica 
monoliths, but can be generalized for any type of materials 
that can be produced via sol gel process, either ceramic or 
polymeric. 
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