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ABSTRACT: Magnetic and fluorescent bifunctionalized Janus particles were fabricated via sequential particle embedding and
surface modifications. The two hemispherical surfaces of a 500 nm silica particle were separately functionalized with Fe3O4
nanoparticles and coumarin dye molecules. The Fe3O4 hemisphere exhibited magnetically driven particle orientation and
alignment, whereas the coumarin hemisphere served as an anisotropic emission indicator. The photoluminescence of these
orientated and solidified Janus particles revealed anisotropic emission contrast as high as 40% between the magnet-aspect and the
dye-aspect excitations. The dynamic anisotropic emission of the bifunctionalized Janus suspension under magnetic manipulation
also revealed a nonsynchronized bulk correlation time that was much slower than that of an individual 500 nm particle. Under a
static magnetic field, the suspended Janus particles assembled into a grape-like bunch, with random particle orientation. Unlike
their microscale counterparts, the submicrometer magnetic Janus particles were less sensitive to gravity and more vulnerable to
particle−particle interactions.
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■ INTRODUCTION

The assembly and manipulation of anisotropic micro- and
nanomaterials have attracted increasing interest in recent
years.1,2 The anisotropicity of these materials results in unique
building blocks with assembly behaviors that are unlike those of
their isotropic or symmetric counterparts, whereas the multiple
components simultaneously exhibit desired physical or
chemical functionalities for other purposes. Among these
candidates, the so-called Janus particle, a spherical object
consisting of two distinct hemispheres, has attracted particular
attention as a zero-dimensional anisotropic material.3−5 Janus
and Janus-like particles can be constructed using organic or
inorganic materials, and their sizes range from several hundred
micrometers down to a few nanometers in diameter. Other
anisotropic materials that exhibit patchy,6,7 triblock (ternary),8,9

low-aspect-ratio (rods),10 dumbbell,11,12 and other specific
shapes have also been synthesized and reported. Depending on
the desired functionalities and morphologies, these asymmetric
materials can be used in advanced applications, including
assembled superstructures,13,14 displays,15 sensing devices,16

imaging probes,17 catalysis,18 Pickering emulsions,19 and
suspension rheology.20

The assembly and manipulation of Janus particles involves
intrinsic particle−particle interactions, as well as the external
force applicable to an individual particle. The particle−particle
interactions are usually determined by the functionality density
and distribution, and the external force is typically proportional
to the particle size (or mass). In most cases, larger particles are
more sensitive to the gravity10 caused by their own mass and
may become relatively inert toward applied stimulation. Smaller
particles, however, are more vulnerable to particle−particle
interactions. With respect to external stimulation, Janus
particles have been shown to respond to electric fields,21,22

magnetic fields,10,14,23,24 optomagnetic traps,25 and self-
propelling phenomena.18,26

Magnetically active Janus particles are an interesting subject
that enable straightforward manipulation via switchable and
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adjustable regulation of both the direction and magnitude of
the applied magnetic field. Magnetic hemispheres of Janus
particles are usually introduced by the deposition of
ferromagnetic coatings or by the selective attachment of
magnetic nanoparticles. The core materials include polymers
and ceramic colloids, and their diameters range from several
micrometers to hundreds of micrometers.8 The manipulation of
these Janus microparticles is typically performed in a layer of a
suspension, where the spatial confinement and particle diffusion
are restricted in the vertical direction, i.e., the direction of
gravity. The resulting particle assembly is moderately directed
in the horizontal plane and forms assembled particle chains.
In this study, Janus particles cored with 500 nm silica were

fabricated with two hemispheric surfaces individually function-
alized with Fe3O4 nanoparticles and the fluorescent dye
coumarin-466. These magnetic/coumarin Janus particles
(MC-JPs) were further investigated on the basis of their
anisotropic fluorescent emission as well as their magnetically
driven particle orientation and alignment. The orientated and
solidified MC-JP samples showed a high contrast in the
anisotropic photoluminescence between the Fe3O4-aspect and
the dye-aspect excitations. The MC-JP suspension was also
sandwiched by two quartz slides using a 60 μm thick Surlyn
sealing spacer. The spacer thickness was more than one
hundred times larger than the MC-JP diameter to ensure
particle assembly and alignment under the three-dimensional
bulk environment. The manipulation of these submicrometer
particles was monitored using dark-field optical microscopy
(DFOM) in real time. Dynamic anisotropic photoluminescence
revealed a relatively slow rotational correlation time from the
nonsynchronized MC-JP rotation compared to that for an
individual submicrometer particle. Under a static magnetic field
(SMF), the MC-JPs in a suspension aligned as particle bunches
parallel to the SMF direction. Real-time DFOM observations
and other detailed analyses indicated that the magnetically
driven assembly of submicrometer MC-JPs was vulnerable to
particle Brownian motion and particle−particle interactions.
The bunch morphologies and particle orientations were
carefully examined using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and
scanning probe microscopy (SPM).

■ EXPERIMENTAL SECTION
Figure 1 illustrates the fabrication process of Fe3O4/coumarin
bifunctionalized Janus particles, which is similar to the procedures

described in a previous study.8 In brief, the silica particles (500 ± 25
nm in diameter, Alfa Aesar) in an aqueous suspension were
electrostatically attached to the surface of poly(methyl methacry-
late)/poly(4-vinyl pyridine) (PMMA/P4VP) microfibers (average
fiber diameter of 3 μm), which were fabricated via the electrospinning
of PMMA and P4VP. The fiber scaffolds and attached silica particles
were dried, and 3-aminopropyltrimethoxysilane was deposited by
chemical vapor deposition (CVD) to generate the amino surface
functionalities on the entire surface of the silica particles. Citrate-
modified Fe3O4 nanoparticles (NPs),

8 which were also in an aqueous
solution, were attached to the amino-enriched surfaces to complete the
functionalization of the magnetic NPs (step I in Figure 1). For the
following particle embedding process, the 50% submergence of Fe3O4-
functionalized silica particles into the polymer fiber substrates was
achieved using a 150 °C isothermal treatment for 4 h. This embedding
temperature is higher than the 135 °C isothermal treatment used to
stabilize the same 50% submerged silica particles with no surface
modifications. The submerged Fe3O4-functionalized hemisphere was
essentially protected, whereas the exposed top hemisphere was subject
to remodification. The exposed Fe3O4 functionalities were etched with
an aqueous NaOH solution (5 wt %) at room temperature, which
removed the Fe3O4 NPs and amino-silanes from the exposed silica
hemisphere. The PMMA/P4VP fiber scaffolds remained intact in this
basic etching solution. The etching process was terminated by rinsing
with deionized water several times until the pH of the washing
solution became neutral. The same amino-silane CVD was
subsequently performed a second time to generate fresh amino
functionalities on the exposed silica hemispheres. These particles were
then recovered by the dissolution of the polymer fiber scaffolds in an
acetone/ethanol cosolvent (1:1 by volume), followed by centrifugal
separation. Solvent washing and centrifugation were repeated four
additional times to ensure complete removal of the excess Fe3O4

nanoparticles and polymer residues. Unlike the original white silica
powder, the obtained sample was brown, presumably indicating the
presence of Fe3O4 NPs.

The Janus particles with Fe3O4 and amino hemispheres were then
reacted with NHS-functionalized coumarin-466 (N-succinimidyl ester
coumarin-466; 7-(diethylamino)coumarin-3-carboxylic acid N-succini-
midyl ester, from Sigma-Aldrich) in an acetonitrile solution at room
temperature for 24 h. In a separated experiment, the successful
coumarin grafting was monitored by the UV-vis spectra as a function
of the reaction time between NHS-functionalized coumarin-466 and
amino-Janus particles (see Supporting Information for details). Final
purification via washing with acetonitrile solution and magnetically
driven particle collection was performed. The unreacted dye molecules
and silica particles containing no or low Fe3O4 NP loadings were
separated. The purified Fe3O4/coumarin Janus particles were dried,
weighed, and subsequently resuspended in an aqueous solution. This

Figure 1. Fabrication method for Fe3O4/coumarin Janus particles. (a and b) SEM images of the silica particles on electrospun polymer fiber surfaces
before and after embedding, respectively. (c) TEM image outlining the two hemispheres of a Janus particle.
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suspension was observed to be stable for several hours without
precipitation.

■ RESULTS AND DISCUSSION

The successful fabrication of submicrometer Janus particles
with desired bifunctionalities relies on uniform particle
embedding during the isothermal treatment.27 Therefore, the
sequences of particle absorption and embedding on the
polymer fiber surfaces were regularly monitored using SEM
(see SEM images in Figure 1 and Supporting Information for
sequential SEM images) to ensure a uniform degree of particle
submerging after the isothermal treatment. Resulting function-
ality distribution on the Janus particle hemispheric surfaces had
been determined to be more than 85% uniform in the prior
work.8 The magnetically driven particle collection during the
final purification process excluded silica particles containing no
or few attached Fe3O4 NPs. Upon UV irradiation, the effective
coumarin grafting was also demonstrated by the intensive
photoluminescence (PL) of the MC-JP suspension. Two
distinct hemispheres of the final products were visually
confirmed by TEM (see the inset TEM image in Figure 1),
where the Fe3O4 nanoparticles outlined one hemispheric
surface and the coumarin-functionalized hemisphere remained
bald.
The anisotropic behavior of the MC-JPs was first

demonstrated by their magnetically orientated encapsulation
in a PMMA thin film. A methyl ethyl ketone (MEK) solution
containing MC-JPs and PMMA was cast onto a quartz slide
with a NdFeB magnet (approximately 120 mT at a close
contact distance) positioned underneath it to facilitate the
downward orientation of the Fe3O4 hemispheres. Before the
solvent was completely evaporated, this sample was carefully
sandwiched with another quartz slide (see the schematic sample
assembly in the inset of Figure 2). MC-JP/PMMA solidification
was ensured by storing this sandwiched sample and the
underlying magnet in a vacuum chamber at room temperature

for 12 h. This oriented MC-JP/PMMA thin layer appeared
identical when observed from either side of the sandwiched
quartz slides. However, the coumarin photoluminescence
excited at 420 nm from two opposite aspects revealed a
remarkable difference in the intensity of the 460 nm emission
(see the two emission spectra in Figure 2). The coumarin-
aspect excitation (nicknamed “Full Moon”) resulted in an
emission intensity 40% greater than that from the Fe3O4-aspect
excitation (nicknamed “New Moon”). This anisotropic PL
emission contrast was substantial compared to that observed in
a prior investigation of bifunctionalized Janus particles
constructed with Au NPs and Fe3O4 NPs on the two opposite
hemispheres.8 In that case, the transmittance UV-vis spectra of
the similar encapsulated PMMA layer revealed Au NP surface
plasmon resonance (SPR), with only a 6% anisotropic
absorption contrast between both sides of the sandwiched
sample. Notably, the anisotropic SPR absorption in the prior
work occurred as incident light passed directly through the
sample. However, the coumarin-aspect photoluminescence of
the solidified MC-JP sample exhibited two anisotropic
responses from both the irradiation absorption and the
corresponding PL emission. The two anisotropic mechanisms
subsequently established the greater optical contrast. Interest-
ingly, the typical photoluminescence measurement was
performed using excitation light with a 45° angle of incidence,
and the emission was monitored by a photodetector also
positioned at 45° with respect to the sample surface. From the
vantage point of the photodetector, the “Full Moon” marked in
Figure 2 was actually observed as a so-called “Gibbous Moon”
and the “New Moon” was observed as a “Crescent Moon”.
Therefore, the intrinsic anisotropicity of the magnetically
orientated MC-JP/PMMA thin layer was believed to be greater
than the 40% emission contrast, as observed in the PL
measurements.
The magnetically induced MC-JP orientation and the

anisotropic PL emission were also investigated as functions of

Figure 2. Anisotropic photoluminescence spectra of the solidified MC-JP/PMMA layer from (a) coumarin-aspect excitation (Full Moon) and (b)
Fe3O4-aspect excitation (New Moon).
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time. A MC-JP aqueous suspension with an approximate
concentration of 1 × 10−3 (by weight) was sealed between one
wafer and one quartz slide using a Surlyn sealing spacer (60 μm
in thickness). In this dilute suspension concentration, the
average particle−particle distance was estimated to be
approximately 7 μm, which is approximately 14 times larger
than the 500 nm particle diameter. This particle−particle
distance also supported approximately nine particles on average
in the vertical distribution of the 60 μm spacing. The sealed
sample was mounted in the photoluminescence spectrometer
with the quartz slide at a 45° angle facing the excitation source.

The emission spectrum of the as-sealed MC-JP suspension
under 420 nm excitation was first recorded as the isotropic
emission baseline. When the NdFeB magnet was positioned
near the sample (behind the wafer), it instantly stimulated the
460 nm emission with an intensity increase of more than 10%
within 1 min (marked as I0 in Figure 3), followed by the first
saturation in 5 min at an emission elevation of approximately
25% (marked as phase I1). Subsequently, the emission intensity
increased again at 10 min after the magnet was positioned
(marked as phase I2) and reached a final maximum 37% greater
than the initial emission intensity of the as-sealed isotropic

Figure 3. Dynamic anisotropic photoluminescence of a MC-JP suspension under magnetic induction. In the inset, the emission intensity versus the
reciprocal of time is plotted together with two exponential curve fittings.

Figure 4. Dynamic MC-JP alignment and the consequent chain length growth under a static magnetic field.
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sample. In the inset of Figure 3, the emission intensity under
magnetic induction is plotted versus the reciprocal of the time.
Here, the phase I1 emission increase as a function of time was
fitted with the exponential curve E1 = 0.27e − 0.52/t, and the
phase I2 emission profile was fitted with the exponential
relationship E2 = 0.39e−4038/t. Equation E1, with the shorter
correlation time (τ1) of 0.52 min (or 31 s), indicated that phase
I1 underwent a faster response than did phase I2, where
equation E2 had a correlation time (τ2) of 4.38 min. The
rotational correlation time of a 500 nm particle in an aqueous
medium has been theoretically estimated to be 0.05 s.28 Direct
optical observation of a 2 μm magnetic Janus particle has also
been used to determine that the particle rotational correlation
time is as fast as 2.26 s.29 Accordingly, the rotation of a single
MC-JP in an aqueous suspension was expected to have a
correlation time that matched phase I0 instead of phase I1 (31
s) or phase I2 (4.38 min). Because particle−particle interactions
in the dilute MC-JP suspension had been eliminated, the
independent particle motion under the applied magnetic field
did not support the synchronization of particle rotation.
Whereas the directional magnetic force encountered random
particle Brownian motion, the phase oscillation from individual
MC-JP rotation prolonged the saturation of the anisotropic PL
emission dramatically, as indicated by correlation time τ1. The
31 s rotation correlation time for the bulk MC-JP suspension
was observed to be much slower than that for an individual 500
nm particle.
In contrast, the phase I2 emission growth was assigned to the

migration of the suspended particle toward the magnet. The
drifting and precipitation of the MC-JP toward the substrate
surface completely eliminated the particle Brownian motion
and gradually secured the anisotropic emission. During this
stage, the particle−particle distance was shortened. Therefore,
an interaction between two magnetic Janus particles was highly
likely. Within approximately 30 min, the saturation of the
emission intensity at a level as much as 37% greater than the
emission intensity of the isotropic sample indicated that most
of the MC-JPs had drifted across the 60 μm gap within the
sandwiched sample. Notably, it was observed that mild
sonication caused the resuspension of most of the precipitated
MC-JPs. Under the same magnetic manipulation, the
anisotropic PL emission profile shown in Figure 3 was
repeatable, with a minor decrease in PL intensity.
The magnetically driven migration of the suspended MC-JP

can be constrained using a static magnetic field (SMF), i.e., a
negligible gradient in the magnetic flux density. Under SMF
induction, the magnetic Janus materials underwent particle
assembly and alignment.30,31 As illustrated in Figure 4, two
NdFeB magnets were placed laterally on opposite sides of the
MC-JP suspension, sandwiched by two quartz slides. The
uniform SMF of approximately 38 mT was changed through
adjustment of the distance between the two magnets. Dark-field
optical microscopy (DFOM) was to monitor the submicrom-
eter MC-JPs in real time. The DFOM images of the as-sealed
suspension showed randomly distributed spots that indicated
the population of MC-JPs under Brownian motion (see inset
image a in Figure 4). The approach of two lateral magnets
immediately induced particle alignment as chained spots. The
15 s DFOM image (inset b in Figure 4) revealed that the MC-
JP alignment increased the chain length by an average of
approximately 12 μm. At this moment, these growing chains
were still surrounded by numerous individual particles (the
isolated spots in the image). The individual particles, along with

other short particle chains, progressively drifted and joined the
longer particle parades, as observed in the sequential DFOM
images (insets a to f in Figure 4). All the MC-JP chains were
aligned parallel to each other in the direction of the SMF. No
other aggregation forms or particle alignment directions were
observed. Two magnified DFOM images (b′ and f′ in Figure 4)
show the particle alignments after 15 s and 10 min of SMF
induction, respectively, where the connected MC-JPs in the
alignment were individually identified as chained spots. The
MC-JP alignments in the DFOM images were recorded as a
function of time, and they reached the saturated chain length of
approximately 100 μm in 4 min. The absence of individual
spots in DFOM image f in Figure 4 also indicates the
consumption of isolated MC-JPs.
Because the MC-JPs were functionalized with paramagnetic

nanoscale Fe3O4 particles, both magnetization and demagnet-
ization were nearly instantaneous (magnetization curves
available in the Supporting Information). The removal of the
two parallel magnets led to the immediate collapse of the
particle alignment (see inset image g in Figure 4). This result
suggested that the SMF induction of each MC-JP occurred
instantly and that the formation of the particle alignment was
slowed by the diffusion of individual particles and short particle
chains. In addition, the maximum length of the particle
alignments was determined by the particle concentrations in
the suspension. The chain length profile as a function of time
(the purple curve in Figure 4) was fitted with an exponential
curve L = 105e−0.55/t, where the assembly correlation time (τL)
of 0.55 min (or 33 s) reflected MC-JP diffusion and alignment
under SMF induction. The ratio between the average particle−
particle distance (7 μm) in this particular suspension
concentration and the assembly correlation time (τL = 0.55
min) determined from Figure 4 was calculated to be 12.7 μm/
min (7 μm/0.55 min), which corresponds to the average MC-
JP diffusion rate. In contrast to the phase I2 correlation time
corresponding to a MC-JP drifting to one magnet (Figure 3),
that of particle migration through the 60 μm Surlyn was τ2 =
4.38 min, whereas the magnitude of the corresponding diffusion
rate of 13.6 μm/min (60 μm/4.38 min) was similar. These
results suggest that the diffusion rates of the MC-JP suspension
remained approximately the same for both the lengthy
migration toward one magnet and the short distance diffusion
in the SMD-induced particle alignment.
The SMF-induced particle alignment was further analyzed on

the basis of the solidification of these particle parades. The
sandwiched suspension was replaced with the MC-JP solution
cast directly onto a wafer substrate precoated with a thin
PMMA layer (approximately 200 nm in thickness). Similar to
the previously discussed case of the encapsulated sample,
sample solidification was accompanied by the presence of the
two laterally opposite magnets. The concentration of the
aqueous MC-JP suspension was maintained at approximately 1
× 10−3 wt %, which was the same as the concentration of the
sandwiched sample. In addition, the magnet fields were
adjusted to approximately 10, 15, and 38 mT by varying the
distances between the two magnets. After the water was
evaporated, the magnets were removed, and the sample was
isothermally treated at 100 °C for 10 min. The moderate
softening of the PMMA thin underlayer at this temperature
slightly embedded the 500 nm silica particles, which prevented
possible particle relocation during the morphology measure-
ment, especially during scanning probe microscopy (SPM).
The immobilized particle alignments were first examined using

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5000189 | ACS Appl. Mater. Interfaces 2014, 6, 4338−43454342



an optical microscope (OM) under ambient light. Under the
same 38 mT SMF induction, the chain lengths of the solidified
MC-JP (Figure 5c) barely reached 30 μm, which is much
shorter than the 100 μm particle assembly in the suspension
sample shown in Figure 4. In addition, a considerable number
of smaller clusters surround the short particle chains in both the
OM and SEM images (Figure 5c′). It was believed that the
solution condensation and the water surface tension during the
drying process interrupted the particle parades,31 which
resulted in the shortening of the alignment and chain breaking.
Nevertheless, these solidified samples permitted detailed
observations of the submicrometer Janus particles, including
the assembly morphology and the particle orientation.
Under SMF-induction, the MC-JP alignments were observed

to be different from the staggered or zigzag particle assemblies
observed in the micrometer-scale magnetic Janus particles
(diameters between 10 and 100 μm).30,31 Herein, the
submicrometer MC-JP sample contained grape-like particle
bunches, as shown in the SEM images (Figure 5). Although a
few zigzag-arranged MC-JPs were also isolated in the 10 mT
SMF sample (see magnified SEM image, Figure 5a′), most of
the MC-JP alignments were identified as grape-like bunches
with three or more particles in their cross-section (Figure
5b′,c′). These SEM images also indicated that a stronger SMF
encouraged the formation of thicker particle bunches. The
three-dimensional morphologies of these particle bunches were

sketched by the SPM measurements. Under 10, 15, and 38 mT
SMF inductions, the heights of the partially embedded particles
were measured to be between 390 and 925 nm (see the SPM
mappings in Figure 5). With respect to the 200 nm thickness of
the PMMA underlayer, the SPM topographies indicated that
the particle bunches were constructed by one to three 500 nm
MC-JPs in a bunch cross-section, in agreement with the SEM
two-dimensional observations.
The orientations of individual MC-JPs in the assembled

bunch were examined by TEM measurements. The MC-JP
suspension solutions were carefully deposited on TEM sample
grids in the presence of two laterally opposite magnets, similar
to the sample preparation procedure described previously. A
small amount of poly(ethylene glycol) (PEG) was added to the
MC-JP aqueous suspension to secure the particle alignment
during and after the water evaporation process. Because of the
considerable thickness of the silica particle bunches, the TEM
images in Figure 5 only show selected zigzag-arranged particle
assemblies under three SMF magnitudes. The colored sphere
sketches to the right of these TEM images represent the Fe3O4

and coumarin hemispheres in green and orange, respectively.
Herein, the Fe3O4 hemispheres of MC-JP were observed to be
randomly oriented, without a specific orientation preference,
unlike the alignment of the micrometer-scale Janus particles
with the unique inward orientation of the magnetic hemi-
spheres.10,30,31

Figure 5. The morphologies of the MC-JP alignments under (a) 10, (b), 15, and (c) 38 mT SMFs were analyzed using OM, SEM, SPM, and TEM.
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For the assembly of micrometer-scale Janus particles, the
gravity effect is an inevitable issue. The stability of a dimer or a
larger cluster of particles may require a specific arrangement of
the magnetic hemispheres; otherwise, the gravity force can
easily overwhelm the relatively weak particle−particle inter-
actions. Additional assembly controls have been frequently
achieved through certain spatial confinement to the Janus
particle suspension, particularly in the gravity direction. With
less dimensional freedom, the specific hemisphere arrangement
encourages the formation of staggered or zigzag particle
assemblies. In the case of the submicrometer MC-JPs, however,
the gravity effect was substantially downgraded due to the
reduction in the particle diameter and mass. The particle−
particle paramagnetic interactions easily dominated the
assembly mechanism, without the need for a specific magnetic
hemisphere arrangement. The resulting particle alignment
exhibited random particle orientation and bunch morphology.

■ CONCLUSION
Submicrometer-scale silica particles were successfully bifunc-
tionalized with two hemispheres of magnetic Fe3O4 nano-
particles and fluorescent coumarin molecules. These unique
bifunctionalized Janus particles simultaneously exhibited
magnetically induced orientation and anisotropic fluorescent
emission. The magnetically manipulated Janus particles were
monitored and analyzed on the basis of the anisotropic
emission intensity. Time-dependent emission measurements
suggested that the magnetically induced rotation of the
suspended MC-JPs was slowed by the original Brownian
particle motion and by the lack of a particle synchronization
mechanism. SMF-induced particle alignment for the submi-
crometer-scale magnetic Janus particles resulted in a grape-like
particle bunch, with no orientation preference for the magnetic
hemispheres. The submicrometer magnetic Janus particles were
also demonstrated to be less sensitive to the gravity effect and
more vulnerable to desirable particle−particle interactions.
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