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Controlled evaporative self-assembly of FezO,4
nanoparticles assisted by an external magnetic
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Jiawei Zhang*® and Tao Chen*®

High fidelity and regularity structures of nanoscale materials has opened up new opportunities for
developing miniaturized devices. A simple yet robust approach of magnetic field assisted controlled
evaporative self-assembly (CESA) is developed to achieve FezO4 nanoparticle (NP) micro- and nano-

patterns in a two dimensional (2D) direction. In the magnetic field assisted CESA process, the self-

assembly morphology can be well controlled by varying extrinsic and intrinsic variables such as
temperature, external magnetic field, and concentration of FesO4 NPs. Under the optimized magnetic
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field rotation frequency and temperature, 2D self-assembly of FesO4 NPs can be well realized. In

addition, as photoactive sites, double bonds on the surface of FezO4 NPs allow the growth of polymer

DOI: 10.1039/c5ra02160j

www.rsc.org/advances

Introduction

High fidelity and regularity structures of nanoscale materials
has opened up new opportunities for developing miniaturized
electronic, opoelectronic, information-storage materials and
devices, and biosensors.™” In order to fabricate these ordered
structures, several elegant methods have emerged, such as
electrostatic self-assembly,® controlled anisotropic wetting/
dewetting processes,* vertical convective self-assembly® or
convective assembly in evaporative menisci,® evaporative-
induced assembly,” evaporative lithography using a mask'>**
and template-directed assembly.”> Among these methods,
evaporative-induced assembly has been recognized as an
extremely simple, appealing strategy to achieve highly ordered,
often intriguing structures. During the process of evaporative
induced self-assembly of nonvolatile solutes (e.g., polymers,
nanoparticles, CNTs, and DNA) from a sessile drop, the flow
instabilities, such as fingering instability and Marangoni flow
often resulted in irregular dissipative structures (e.g., randomly
organized convection patterns, stochastically distributed mul-
tirings).">** Recently, controlled evaporative self-assembly
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brushes by self-initiated photografting and photopolymerization (SIPGP), and the further achievement of
free-standing magnetic composite films with well-defined patterns.

(CESA) in restricted geometries (e.g. two parallel plates with
the top one sliding on the lower stationary substrate,' cylin-
drical geometry,'® curve-on-flat geometries”'”) has allowed to
form ordered yet complex structures or patterns. For instance,
latex nanoparticles can be assembled into regularly arranged
stripe patterns by subjecting a drop of polystyrene (PS) latex to
evaporate from a liquid capillary bridge formed by confining the
solution between a cylindrical lens and a Si substrate."® Besides,
polymers, carbon nanotubes, graphene, DNA can also be orga-
nized into ordered yet complicated structures (e.g., concentric
rings,” snake-skin,* finger,* and spokes*') by CESA. During the
process of solvent evaporation, external fields (e.g:, electric field)
may promote the self-assembly of nonvolatile solutes. Velev
reported that the application of electric field during convective
assembly process increased the rate of colloidal crystal coating
deposition and the size of crystal domains.*

As one of the most intensively studied magnetic mate-
rials,**?* magnetite (Fe;0,) has been showed great application
potential in low-field magnetic separation, magnetic resonance
imaging contrast agent, drug delivery, and mimetic enzymes
because of their unique magnetic property.>*>” Under the effect
of external magnetic fields, magnetite or magnetic colloidal
particles can be assembled into one-dimensional (1D) periodic
chains,”® 2D sheets,* 3D photonic crystals®*** or exciting and
complex self-assembled structures.>*>** For example, Gao et al.
demonstrated a facile self-assembly of Fe;0,-SiO, beads into
stable quasi-one-dimensional superstructures with the assis-
tance of an external magnetic field.** Weddemann reported that
highly ordered clusters and monolayers consisting of magnetic
beads have been prepared by the employment of a rotating
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magnetic field (ie., a magnetic stirrer RCT classic).*® The
alignment induced by an external magnetic field is highly
preferable in several aspects, as this can be, noninvasive in
nature, low cost, and relatively easy to be implemented.
However, the alignment direction of magnetic nanoparticles is
only parallel to the magnetic field and the regularity is not well.
Therefore, the development of convenient methods to achieve
the patterns of magnetic nanoparticles has attracted extensive
attention in recent years and still remains a challenge.

Herein, we report a robust and scalable technique to fabri-
cate Fe;0,4 nanoparticles (NPs) patterns on Si substrate via CESA
combining with an external magnetic field, and realize two-
dimensional (2D) self-assembly (i.e., the formation of linear
stripes along magnetic field direction and concentric rings due
to the confined geometry of sphere-on-flat) of Fe;O, NPs. The
effects of magnetic field rotation frequency, temperature and
concentration of Fe;0, solution on the formation of Fe;0, NPs
patterns were systematically explored. The optimization of
magnetic field rotation frequency and temperature rendered 2D
self-assembly of Fe;O, NPs. Besides, as photoactive sites,
double bonds on the surface of Fe;O, NPs can be initiated to
grow patterned polymer brushes by self-initiated photografting
and photopolymerization (SIPGP) from Fe;O, NPs patterns
without a surface bonded initiator, and endowing the func-
tionality of self-assembly patterns. This facile, robust method
based on magnetic field assisted CESA offers a new avenue for
patterning magnetic nanoparticles over large areas and
achieving 2D self-assembly of magnetic nanoparticles.

Experimental section
Materials

The spherical lens made from fused silica (diameter 1 cm) and
Si wafer were cleaned in the mixture of H,0,/H,SO, (1 : 3, v/v)
(“piranha solution”) at 80 °C for 1 h and washed thoroughly
with deionized water and blow-dried with N,. Styrene (99%) was
obtained from Alfa Aesar China (Tianjin) Co., Ltd, which was
purified by neutral Al,O; column chromatography and dried
with 0.4 nm molecular sieve for 3 days at room temperature.
3-(trimethoxysilyl)propyl methacrylate (TMSPMA) was obtained
from TCIL.

Preparation of double bond modified Fe;0, NPs*®

Fe;O, NPs were prepared according to previous report
(Fig. S11).*” In a round bottom flask, Fe;O, (0.5 g) and 3-(tri-
methoxysilyl)propyl methacrylate (TMSPMA) (0.3 mL) were
dissolved in ethanol (45 mL) and stirred for 24 h at room
temperature. Following, the solution was washed with ethanol
by centrifugation (1600 rpm). Finally, Fe;O, NPs were dried in
the oven at 60 °C. As shown in Fig. S2,T absorption bands at
2920 cm™ ' and 1628 cm ™~ are attributed to stretching vibrations
of -CH, and the vinyl groups of TMSPMA, respectively. The FTIR
results confirm that TMSPMA was successfully grafted onto the
Fe;0, NPs via the silanization reaction. Fe;O, solution (0.05,
0.1, and 0.2 mg mL~ ") was prepared by dissolving Fe;0, NPs in

31520 | RSC Adv., 2015, 5, 31519-31524

View Article Online

Paper

the mixture solution of ethanol and deionized water (1 : 3, v/v)
because of the poor dispersion of Fe;O4 NPs in deionized water.

Magnetic field assisted CESA of Fe;0, NPs

The magnetic field used for the Fe;0, NPs assembly is created
by a magnetic stirrer RCT classic (IKA). The wafer was posi-
tioned in the center of the hot plate of the magnetic stirrer.
A drop of Fe;0, solution (10 uL) was loaded on Si wafer, then the
spherical lens was brought into contact with Si substrate. The
evaporation process was carried out at 50 °C and it took about
5 to 10 min.

SIPGP?®

The patterned Si wafer was submerged in 2 mL of styrene and
irradiated with an UV lamp with a spectrum between 300 and
400 nm (intensity maximum at A = 350 nm with a total power of
9 mW cm™?) for 1 h. Then, the substrate was exhaustively rinsed
with different solvents (toluene, ethyl acetate, and ethanol) to
remove physisorbed polymer and monomer.

Characterization

The 2D self-assembly patterns produced on Si substrate were
characterized by optical microscopy (Olympus BX51) in the
reflection mode and atomic force microscopy (CSPM 5500) in
tapping mode. The spring constant of scanning probes is 40 N
m~'. Scanning electronic microscopy (SEM) measurements
were carried out using a JEOL JMS-7600F scanning microscope.
Fourier transform infrared (FTIR) spectrum was performed on a
Varian Scimitar1000 Fourier transform IR spectrophotometer.

Results and discussion

Magnetic field assisted CESA is a convenient method to achieve
2D Fe;0, NPs patterns. The process for achieving 2D self-
assembly of Fe;O, NPs via magnetic field assisted CESA is
schematically shown in Fig. 1. Fe;O, NPs with a diameter of
100 nm (Fig. S17), were used as nonvolatile solute. According to
our previous work,* if Fe;O, NPs solution were limited in
sphere-on-flat geometry (Fig. 1A), concentric rings could be

Fig.1 Schematic procedure of CESA of FesO4 NPs without or with an
external magnetic field. (A) CESA of FesO4 NPs in sphere-on-flat
geometry. (B) Concentric rings of FesO4 NPs formed by CESA.
(C) Schematic diagram self-assembly of FezO4 NPs marked in (B).
(D) Magnetic field assisted CESA of FezO4, NPs in sphere-on-flat
geometry. (E) Schematic diagram of 2D self-assembly of FezO4 NPs.
(F) Growing polymer brushes by SIPGP from FezO,4 NPs patterns.

This journal is © The Royal Society of Chemistry 2015
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formed (Fig. 1B and C). Due to the magnetic property of Fe;O,
NPs, an external magnetic field is employed to coordinate CESA
of Fe;O, NPs. First, a Si wafer was positioned in the center of a
hot plate of a magnetic stirrer (IKA). Then, 0.1 mg mL ™" Fe;0,
NPs solution was loaded between a spherical lens and the Si
substrate (Fig. 1D), evaporative loss of solvent at the capillary
edge triggered the pinning of the solution/air/substrate three-
phase contact line, thereby forming a coffee-ring deposit.
During the process of evaporation, the initial contact angle of
the capillary edge decreased gradually to a critical angle due to
continuous evaporation of the solvent, at which the capillary
force (depinning force) became larger than the pinning force.
This caused the contact line to jump to a new position, and a
new ring was developed. Consequently, the repetitive pinning
and depinning cycles (i.e., “stick-slip” motion) of the contact
line led to the formation of concentric rings of Fe;0, NPs.” In
the presence of external magnetic field, Fe;0, NPs would self-
assemble along the magnetic field direction during the forma-
tion of concentric rings of Fe;O, NPs. Therefore 2D self-
assembly of Fe;O, NPs can be achieved via the magnetic field
assisted CESA (Fig. 1E). Finally, double bonds modified on the
surface of Fe;O, NPs were successfully initiated to grow
patterned polymer brushes by SIPGP from Fe;O, NPs patterns
(Fig. 1F).

During the process of magnetic field assisted CESA,
temperature plays an important role in the formation of
concentric rings. On the one hand, the increase of temperature
would lead to higher evaporation rate of solvent at the three-
phase contact line, and thereby faster receding of the three-
phase contact line, which in turn promotes the alignment of
Fe;0, NPs at the three-phase contact line. On the other hand,
the increase of temperature would facilitate the convective flow
that carries Fe;O, NPs from the solution to the three-phase
contact line, therefore more Fe;O, NPs would deposit at the
three-phase contact line.” For a static magnetic field (f= 0 rpm),
it is conducive to form liner stripes along magnetic field

Fig. 2 Optical micrograph images of FesO4 NPs patterns under
different temperatures (room temperature for A, 40 °C for B, 50 °C for
C, 60 °C for D) with static magnetic field (f = 0 rpm).

This journal is © The Royal Society of Chemistry 2015
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direction (Fig. 2A). However, at relatively low temperature (i.e.,
T < 40 °C), the evaporation rate is quite slow and concentric
rings are almost not formed due to the insufficient radial flow to
transport Fe;0, NPs to the contact line (Fig. S3AT). At T = 40 °C,
the regularity of patterns is reduced (Fig. 2B and S3B¥), even
though the formation of concentric rings is occurred. At T = 60
°C, the regularity of surface patterns (Fig. 2D and S3D%) is not
well due to the increase fingering instabilities.”” Therefore,
T =50 °C is identified as an optimal temperature, at which the
meniscus receded neither too slow to cause only the formation
of linear stripes along magnetic field direction and almost no
concentric rings, nor too fast so that the regularity of patterns is
broken (Fig. 2C and S3Ct).

In addition to temperature, magnetic field rotation
frequency is also found to exert a profound influence on the 2D
self-assembly of Fe;O, NPs. As shown in Fig. 3, increasing
magnetic field rotation frequency from 0 to 300 rpm, the
phenomenon of the 2D self-assembly gradually disappears and
finally there is only the formation of concentric rings. Small
magnetic force is obtained if less magnetic particles are placed
in a homogeneous magnetic field.** However, for sufficiently
particle concentrations, if the magnetic field is stationary, the
interaction between particles is very strong and the alignment
of magnetic moment vectors entails an attractive force at
stationary magnetic field, and both these resulted in the
formation of 1D chain structures (Fig. 3E). The chain direction
is only parallel to the magnetic field as long as viscous drag
forces are small enough to be omitted. When the magnetic field
is rotated at low magnetic field rotation frequency, the chain
structures could also rotate (Fig. 3E). However, the chain rota-
tion is damped by the viscosity of the carrier liquid, which exerts
shear forces along the chain and leads to a phase lag, resulting
in the chain direction not match with magnetic field direction.**
Therefore, when magnetic field rotation frequency is small, the
self-assembly of linear stripes along magnetic field direction is
still occurred (Fig. 3A and B, S4A and S4Bf). However, if the
rotation frequency exceeds the critical rotation frequency, the
viscous drag forces become too strong and the chains can no
longer follow the rotation, and such chain structures cannot
maintain their stability, resulting in the reorganization of Fe;0,
NPs in ordered 2D sheets (Fig. 3E).** However, due to the
confined geometry (i.e., sphere-on-flat), there is no formation of
ordered 2D sheets and leading to only concentric rings when
higher magnetic field rotation frequency is employed (Fig. 3C
and D, S4C and S4D+). At the same time, the “stick-slip” motion
of the contact line result that there are some Fe;O, NPs between
adjacent concentric rings (Fig. S4C and S4Dt). Therefore, only
when temperature is 50 °C and magnetic field rotation
frequency is 0 rpm (static magnetic field), the 2D self-assembly
behavior of magnetic field assisted CESA is the best.

Under the optimal temperature (T = 50 °C) and static
magnetic field (f= 0 rpm), the influence of concentration on the
process of magnetic field assisted CESA was investigated. As
shown in Fig. 4, increasing the concentration of Fe;O, NPs
solution is not only advantageous to the self-assembly of linear
stripes along magnetic field direction (Fig. 2C, 4A and C, S4A,
S4C, and S4Et), but also to the formation of concentric rings

RSC Aadv., 2015, 5, 31519-31524 | 31521
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Fig.3 Optical micrograph images of FezO4 NPs patterns with different magnetic field rotation frequency (0 rpm for A, 100 rpm for B, 200 rpm for
C, 300 rpm for D) at 50 °C. (E) Schematic representation of the magnetic field induced assembly of magnetic particle.

Fig. 4 Optical micrograph images of FesO, NPs patterns with
different concentrations (0.05 mgmL™ for Aand B, 0.2 mgmL~*for C
and D) under the optimal temperature (T = 50 °C) and static magnetic
field (f = O rpm) (A and C, along magnetic field direction, B and D,
perpendicular to magnetic field direction).

(Fig. S3C, 4B and D, S4B, S4D, and S4F). The higher concen-
tration caused more deposition of Fe;0, NPs from the solution
to the three-phase contact line, corresponding to smaller critical
angle."” Therefore, the pinning time of the contact line was
longer, which lead to longer linear stripes along magnetic field
direction. As shown in Fig. 2C, 4 and S5,} the length of linear
stripes is changed from 25 pm to 40 pm, 85 pm corresponding
to 0.05 mg mL ™", 0.1 mg mL ™", and 0.2 mg mL™" of Fe;O, NPs
solution, respectively. The average width of ring is changed
from 4 pm to 6 pm and 7 pm, and the average spacing of ring is
changed from 45 um to 37 um and 27 pm, at the same time, the
average width of the stripes is increased from 3 pm to 4 um and
7 um, corresponding to 0.05 mg mL ™", 0.1 mg mL ', and 0.2 mg
mL™" of Fe;0, NPs solution, respectively, according to AFM
images (Fig. S51). In addition, with increasing concentration of
Fe;0, NPs solution, the interaction between nanoparticles
increases and results in better formation of linear stripes along
magnetic field direction. Besides, as shown in Fig. S6,f

31522 | RSC Adv., 2015, 5, 31519-31524

accumulation of Fe;O, NPs becomes more compact with
increasing concentration of Fe;O, NPs solution.

Very recently, patterned polymer brushes can be prepared
without a surface bound initiator by SIPGP on photoactive
patterned SAMs.***>"** As photoactive sites, double bonds on the
surface of Fe;O, NPs were successfully initiated to grow poly-
(styrene) (PS) brushes by SIPGP from Fe;O, NPs patterns. The
height of Fe;0, NPs rings generated from 0.05 mg mL ™" Fe;0,
solution is about 200 nm (Fig. S5Bt). After SIPGP, a higher
pattern of 230 nm is formed (Fig. S7At). More recently, free-
standing films have received continued interest due to their
potential applications in microsensors or actuators.*®** The
patterned PS brushes grafted on Fe;O, NPs patterns could be
further released from the silicon surface by immersing the
substrate in KOH aqueous solution. The floating film is easily
observed with naked eye (Fig. S7Bt), followed by transferring it
onto another silicon surface for optical and scanning electron
microscope (SEM) measurements. The resulting free-standing

Fig. 5 Optical micrograph image and SEM images of free-standing
film. (A) Optical image shows the front side and the backside of the
free-standing film. (B) The SEM image including both the front side and
the backside of the free-standing film. (C) The close-up SEM image
marked in (B). (D) The close-up SEM image marked in (C). (E) The
schematic plot of movement of free-standing film via a magnet.
(F) The optical micrograph image of movement of free-standing film
with a magnet.

This journal is © The Royal Society of Chemistry 2015
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composite film still has well-defined patterns (Fig. 5A). To
scrutinize the surface morphology and the packing of Fe;O,
NPs, SEM measurements were performed. As shown in Fig. 5B
and C, the patterns of Fe;O, NPs are still observed from the free-
standing film including both the front side and backside.
Because of contacting with silicon surface, the spherical struc-
ture of Fe;O, NPs is still retained on the backside of the free-
standing film (Fig. 5D). However, the spherical structure on
the front side of the free-standing film is not clearly seen
because of the attached PS brushes (Fig. S7C and S7DY). In
addition, the free-standing film can be moved with a magnet,
which indicates the magnetic property of Fe;O, NPs is not
changed with PS brushes grafted on the surface (Fig. 5E and F
and Movie S17).

Conclusions

In summary, we demonstrated the two-dimensional self-
assembly of Fe;O, nanoparticles via magnetic field assisted
controlled evaporative self-assembly. The self-assembly
behavior could be tuned by temperature, magnetic field rota-
tion frequency and the concentration of Fe;O, nanoparticles
solution. Besides, as photoactive template, patterned polymer
brushes could be prepared via self-initiated photografting and
photopolymerization on the surface of Fe;O, nanoparticles.
Furthermore, free-standing patterned polymer brushes film can
be easily achieved and has magnetic property duo to the exis-
tence of Fe;O, nanoparticles. The patterned polymer brushes
and free-standing magnetic composite film may have potential
applications in sensor devices and storage devices or other
fields.
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