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detectors. [ 9 ]  Despite their potential utility, 
few methods exist for synthesis of patchy 
microparticles. Current methodologies 
include self-assembly of block copolymers, 
seeded emulsion polymerization, and 
microfl uidics. [ 2 ]  In this paper, we advance 
a methodology for synthesis of homo-
geneous populations of dipolar patchy 
microparticles in which the long-range 
order of thermotropic liquid crystals (LCs) 
confi ned to micrometer-sized droplets 
dispersed in water is reversibly switched 
so as to direct colloidal microparticles to 
populate a unique location (patch) on the 
droplet surface. Subsequent photo-polym-
erization of the droplets is used to preserve 
the organization of the LC microparticles. 

 LCs combine properties commonly 
associated with crystalline solids (long-
range orientational order) and isotropic liq-
uids (high levels of molecular mobility). [ 10 ]  
When nematic LCs are confi ned to water-

dispersed microdroplets, the interfacial interactions of the LC 
set the orientation of the LCs at the droplet surface (i.e., surface 
anchoring). [ 11–14 ]  To accommodate the surface anchoring condi-
tions, the LC within the interior of the droplet assumes a variety 
of confi gurations that involve elastic strain of the LC (e.g., splay, 
bend, etc.) [ 14–18 ]  and topological defects (localized regions where 
the LC effectively melts). [ 15,16,19–21 ]  At equilibrium, the ordering 
of the LC within the microdroplets refl ects minimization of 
the combined contributions of surface anchoring, bulk elastic 
deformations and topological defects to the free energy. [ 14–18 ]  In 
the study reported in this paper, we demonstrate that reversible 
manipulation of the surface anchoring of LC droplets decorated 
with colloids can be used to switch the confi gurations of LC 
droplets so as to sweep the colloids into unique locations on the 
droplet surface for the synthesis of homogeneous populations 
of patchy microparticles. [ 12,14,22,23 ]  

 The use of reversible switching of LC microdroplet confi gu-
rations, as described in this paper for the synthesis of patchy 
microparticles, builds from our recent report of the use of LC 
droplets as templates for the synthesis of complex particles 
based on the LC-directed positioning of colloids (1 µm-in-
diameter) adsorbed to the surfaces of the LC microdroplets. [ 24 ]  
In particular, for LC droplets with tangential surface anchoring 
that adopted a bipolar confi guration (see below for additional 
discussion and  Figure    1  A), long-range elastic forces were 
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  1.     Introduction 

 Nano-/microparticles with patterned surface properties (e.g., 
patchy microparticles or Janus microparticles), when compared 
to their homogeneous counterparts, exhibit a range of phys-
ical properties that are enabling the design of new classes of 
functional materials. [ 1–3 ]  For example, charged [ 4 ]  or magnetic [ 5 ]  
dipolar patchy microparticles can be aligned or directed into 
self-assembled structures under the infl uence of an applied 
external electric or magnetic fi eld, respectively. The respon-
siveness of these particles to external fi elds can be used for 
design of tunable electronic or photonic materials. [ 1 ]  Addi-
tional applications of patchy microparticles include “electronic 
paper”, [ 6,7 ]  self-propelled nano-/microparticles, [ 8 ]  and biological 
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observed to direct the colloids to preferentially locate at one of 
the two defects present at opposite poles of the bipolar drop-
lets (i.e., boojums). [ 24,25 ]  Because colloids with different com-
positions and properties can be positioned on the LC droplet 
surface (e.g., polystyrene (PS) or silica colloids), the colloids 
can be used to introduce a desired functional property into the 
patchy microparticle (e.g., surface chemistry or responsiveness 
to an external fi eld). [ 24 ]  While this new generalizable technique 
for the synthesis of patchy microparticles offers the advantage 
of scalability over other methods (described above) because 
synthesis occurs in a bulk aqueous phase, our previous 
publication reported heterogeneous populations of patchy 
microparticles because it was not possible to direct the colloids 
to a single pole of a LC droplet (e.g., some LC droplets had col-
loids at both poles while others had colloids at only one pole). [ 24 ]   

 In the present study, we demonstrate that it is possible to 
take advantage of the above described internal switching of 
LC droplets to prepare populations of droplets with colloids 
adsorbed at only one location of the LC droplets. The confi gura-
tions of the LC droplets are changed by either reversible adsorp-
tion of an amphiphilic species to the surfaces of the droplets or 
addition of salts. Characterization of the dynamics of both the 
internal switching and subsequent repositioning of the colloids 
to a single pole, in combination with a simple scaling argu-
ment, reveals the driving force for the repositioning is the long-
range elasticity of the LC confi ned to the droplets. We illustrate 
the utility of this approach by synthesizing “Janus-like” micro-
particles and magnetically responsive patchy droplets with 
either dipolar or quadrupolar symmetry for which the internal 
confi guration of the LC leads to distinct optical responses upon 
application of an external magnetic fi eld.  

  2.     Results and Discussion 

 Emulsions of the nematic LC, 4-cyano-4’-pentylbiphenyl (5CB) 
in the bipolar confi guration were prepared by dispersing 5CB 
in water, and homogenizing the mixture for 30 s. The left 
column of Figure  1 A shows representative bright fi eld (BF) 
and polarized light (PL) micrographs of a bipolar 5CB droplet 
obtained from our emulsifi cation procedure. The bipolar 
droplet contains LC aligned tangential to the droplet surface 
and possesses two boojum defects at opposite poles. [ 14,16,21–23,26 ]  
After formation of the bipolar droplets, 1 µm-in-diameter fl uo-
rescent PS colloids, at the surfaces of which the LC assumes 
a tangential anchoring, were adsorbed to the surfaces of the 
droplets through addition of a 1% (wt/v) dispersion of the PS 
colloids, followed by another 30 s of homogenization. Fluores-
cent PS colloids were used to permit the position of the colloids 
to be observed by fl uorescence (Fluo) microscopy (Figure  1 B). 
Consistent with our previous studies, [ 24,25 ]  this procedure led to 
a heterogeneous population of droplets with either two PS col-
loids located at a single boojum defect or one PS colloid at each 
boojum (Figure  1 C). We comment here that our emulsifi cation 
procedure resulted in LC droplets with diameters ranging from 
1 to 40 µm and that we focus on LC droplets with diameters 
between 7 and 20 µm in the observations reported below. We 
also note that monodisperse LC emulsions can be prepared by 
various techniques (e.g., microfl uidics, [ 27 ]  inkjet printing, [ 28 ]  
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 Figure 1.    A) Bipolar-to-radial ordering transition in a water-dispersed 
droplet of nematic 5CB without colloids adsorbed at the surface (triggered 
by adsorption of SDS). B) Method utilized to direct 1 µm-in-diameter PS 
colloids initially at opposite boojums of a bipolar 5CB droplet to the same 
boojum via reversible adsorption of SDS. Schematic illustrations and the 
corresponding bright fi eld (BF) and polarized light (PL) micrographs, 
and fl uorescence (Fluo) micrographs (for B only) are shown from top to 
bottom for each equilibrium state of the LC droplets. In the schematics, 
the defects and colloids are represented by solid black or blue circles, 
respectively. The orientation of the crossed polarizers in PL micrographs 
is indicated by the white double-headed arrows. (C and D) Percentage 
of 5CB droplets in each two-colloid confi guration C) before or D) after 
moving PS colloids to one defect of the bipolar LC droplets by using SDS 
to reversibly switch the LC order. The histograms were assembled from 
analysis of (C) 91 or (D) 48 droplets in 3 independent experiments.
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fi lling polymer microcapsules with LC, [ 29 ]  
etc.) and that advances reported below can be 
combined with these techniques. 

 Next, a small volume of a stock solution 
of 100 m M  sodium dodecyl sulfate (SDS) was 
added to the aqueous phase of the emulsions 
to switch the internal confi guration of the 
LC droplets (a so-called ordering transition) 
through adsorption of the surfactant at the 
LC droplet surface. [ 25 ]  A fi nal concentration of 
2 mM SDS was selected to avoid formation of 
surfactant micelles, which can solubilize LC 
droplets. [ 30 ]  After addition of the SDS solu-
tion, the droplets were observed to undergo 
a bipolar-to-preradial ordering transition. The 
preradial confi guration involves LC aligned 
at an acute angle at the droplet surface (e.g., 
tilted) and a single defect at a pole of the droplet 
(Figure  1 B, middle column). [ 14,16,18,21–23,31 ]  
We comment that in the absence of the col-
loids, adsorption of SDS drives a bipolar-to-
radial ordering transition (Figure  1 A), and 
thus our observation of the preradial con-
fi guration suggests that the presence of the 
colloids results in an effective “pinning” of a 
topological defect to the droplet surfaces. [ 25 ]  
Importantly, independent of the positions of 
the colloids on the surfaces of bipolar droplets prior to addition 
of SDS (colloids adsorbed at single boojum or colloids adsorbed 
at each of the two boojums), after addition of SDS, the col-
loids were observed to locate at the site of the preradial defect 
(Figure  1 B, middle column). 

 Finally, the reverse (preradial-to-bipolar) ordering transi-
tion was achieved through dilution of the surfactant to a fi nal 
concentration of < 0.1 m M , and desorption of surfactant from 
the droplet surfaces (near-monolayer coverage of surfactant is 
required to change the orientation of the LC from tangential 
to normal). [ 13,22,32 ]  Upon recovering the bipolar confi guration, 
we did not observe LC droplets with colloids adsorbed at both 
boojum defects (Figure  1 D). Instead, a homogeneous popula-
tion of LC droplets with colloids adsorbed at a single boojum 
(Figure  1 B, right column) was obtained. This state of the emul-
sion was found to persist over the duration of our observations 
(hours). Overall, the results of this experiment demonstrate 
that surfactant-induced switching of the confi gurations of LC 
droplets can be used to synthesize homogeneous populations 
of bipolar droplets with colloids adsorbed at a single pole. 

 Next, we characterized the dynamics of the SDS-triggered 
bipolar-to-preradial ordering transition in 5CB droplets (with 
one PS colloid adsorbed initially at each boojum defect of the 
initial bipolar confi guration) to provide insight into the mecha-
nism driving the two colloids to the single defect of the pre-
radial confi guration. A representative example of the kinetic 
pathway for this process is shown in  Figure    2  . The initial 
time point ( t  = 0 s) displayed in Figure  2  represents the time 
at which the 100 m M  SDS solution was added to the aqueous 
phase surrounding the 20 µm-in-diameter 5CB droplet (a drop 
of SDS solution was added to one end of the sample, and the 
sample was allowed to equilibrate). Following the addition, SDS 

was transported (via diffusion and convention) to the surface 
of the droplet. The fi rst evidence of the LC ordering transi-
tion was observed at  t  = 77 s, at which point a disclination loop 
formed inside the 5CB droplet, consistent with a previously 
reported kinetic pathway. [ 21,22,33 ]  Subsequently ( t  = 77–81 s), 
the disclination loop migrated towards a site previously occu-
pied by one of the two boojums, and shrank to a point to form 
the preradial confi guration. Immediately following our observa-
tion of the bipolar-to-preradial ordering transition, we changed 
the imaging mode of the microscope from polarized light 
to fl uorescence to determine the position of the PS colloids. 
Surprisingly, only one colloid was observed at the position of 
the defect of the preradial confi guration, while the second col-
loid remained close to the location of the boojum of the initial 
bipolar confi guration. Over the course of the next 40 s, the latter 
PS colloid was observed to migrate across the surface of the LC 
droplet and associate with the fi rst colloid at the defect. From 
these results, we conclude that one PS colloid pinned the pre-
radial point defect to the surface of the LC droplet, preventing 
escape of the defect into the core of the droplet (as would be 
expected in the absence of adsorbed colloids; see Figure  1 A), [ 25 ]  
and an additional long-range force drove the second colloid to 
join the fi rst at the position of the point defect of the preradial 
confi guration.  

 A key observation of the experiment described above is that 
the mobile PS colloid (i.e., colloid not pinning the defect to the 
surface of the droplet) did not randomly diffuse over the sur-
face of the droplet and arrest at the position of the preradial 
defect. Instead, it followed a nearly direct path from the posi-
tion of the boojum of the initial bipolar confi guration to the 
preradial defect. This observation led us to hypothesize that 
the driving force for the migration of the colloid was the elastic 
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 Figure 2.    Representative micrographs for the kinetic pathway of a bipolar-to-preradial ordering 
transition in a nematic 5CB droplet with one 1 µm-in-diameter fl uorescent PS colloid adsorbed 
at each of two boojum defects. BF, Fluo and PL micrographs are shown from top to bottom 
for the initial and fi nal state. BF or Fluo micrographs are shown for the intermediate states of 
the process to highlight the evolution of the LC confi guration and movement of PS colloids, 
respectively. Corresponding schematic illustrations are shown at the top.
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distortion of the LC induced by the presence of the colloid at 
the interface. To test this proposal, a simple scaling argument 
was formulated to compare the magnitude of the elastic energy 
associated with the colloid-induced distortion of the LC to the 
energy dissipated by Stokes’ drag during transport of the col-
loid across the surface of the LC droplet to the preradial defect. 
Here we comment that a colloid adsorbed at either the defect 
of a preradial LC droplet or at the opposite pole both distort 
the LC. Our experimental results reported above and recent 
coarse grain modelling [ 25 ]  support, however, the proposition 
that elastic distortions (and defect core energies) are minimized 
by the partitioning of a colloid to a defect. Accordingly, we esti-
mate the magnitude of the elastic forces driving the colloid to 
the defect as: [ 34,35 ] 

    =E Kaelastic   (1) 

 in which  K  is the elastic constant of the LC (using the “one 
constant” approximation), and  a  is the radius of the PS colloid 
(0.5 µm). Using a typical value for an elastic constant for a low 
molecular weight LC,  K  = 10 −11  N, [ 20,36 ]  we calculate  E  elastic  ≈ 
5 × 10 −18  J. As noted above, the force driving transport of the 
PS colloid across the surface of the LC droplet is opposed by a 
Stokes’ drag force. Thus, the energy dissipated during the dis-
placement of the colloid can be estimated as the product of this 
drag force and the distance that the PS colloid travelled to reach 
the preradial defect ( d ): [ 37 ] 

    πη=E avd6transport   
(2)

 

 in which  η  is the apparent dynamic viscosity experienced by the 
PS colloid at the aqueous–5CB interface, and  v  is the average 
velocity of the colloid. We estimate  d  to be  R π, where  R  is the 
radius of the LC droplet (10 µm), and  η  to be 30 mPa s (for 
silica colloids at a planar aqueous–5CB interface,  η  was meas-
ured to fall between 25.8 and 34.9 mPa s). [ 34 ]  In addition,  v  can 
be approximated as:

    =v d t/   (3) 

 in which  t  is the transit time for the PS colloid to reach the prera-
dial defect (40 s, as shown in Figure  2 ). Combining Equations   2   
and   3  , we calculate  E  transport  ≈ 7 × 10 −18  J, which is in close 
agreement with our estimate for the energy associated with 
the elastic distortion of the LC around the colloid (5 × 10 −18  J). 
Overall, this simple scaling argument supports our hypothesis 
that the elastic forces generated by the LC droplet drive the col-
loid to the preradial defect. 

 The technique reported above for synthesis of homoge-
neous populations of patchy LC droplets used surfactants. 
Surfactants, however, are often diffi cult to remove following 
material synthesis, and their presence can hinder certain appli-
cations (e.g., biological sensing). [ 11–14 ]  Therefore, we sought to 
switch the internal confi gurations of the LC droplets through 
manipulation of the ionic strength and pH of the aqueous 
solution (without surfactant). Previously, we showed that it is 
possible to trigger bipolar-to-radial ordering transitions in LC 
droplets under conditions of high ionic strength (>100 m M ) 
and alkaline pH (>12), due to the effects of an electrical double 

layer (EDL) that forms on the LC-side of the aqueous–LC 
interface. [ 38 ]  To explore the use of salts and alkaline condi-
tions for microparticle synthesis, we fi rst formed emulsions of 
bipolar 5CB droplets with PS colloids adsorbed at either one or 
both boojums. Next, sodium chloride and sodium hydroxide 
(the fi nal concentration of sodium chloride was 1  M  and the pH 
was 12.7) were added to the aqueous phase of the emulsions. 
As was the case for the SDS-triggered ordering transition, addi-
tion of salt resulted in a homogeneous population of preradial 
LC droplets with both colloids adsorbed at the defect (Figure S2 
of Supporting Information (SI)). Finally, the reverse (preradial-
to-bipolar) ordering transition, induced by dilution of the bulk 
aqueous concentration of sodium chloride to below 100 m M , 
resulted in a homogeneous population of bipolar droplets with 
two PS colloids trapped at a single boojum defect (Figure S2 of 
SI). This experiment demonstrates that simple adjustments of 
ionic strength and pH can also be used to switch the internal 
confi gurations of LC droplets to synthesize homogeneous pop-
ulations patchy LC droplets. We comment here that in both 
methods described above for synthesis of homogeneous popu-
lations of patchy LC droplets (addition of surfactants or simple 
salts), the colloids remain trapped at a single boojum defect of 
the bipolar confi guration (i.e., do not return to the initial state 
of the system with one colloid located at each defect) because 
the colloids are located in a local free energy minimum. [ 25 ]  

 As described in the Introduction, there is a growing range 
of applications for Janus microparticles (e.g., electronics, pho-
tonics, sensing), and thus we next sought to demonstrate how 
switching of LC droplets can be exploited to synthesize solid 
“Janus-like” microparticles (Janus microparticles are defi ned as 
patchy microparticles exhibiting an approximately 50:50 ratio 
of anisotropic surface coverage). [ 2,6 ]  We began by doping the 
LC with a small amount of the reactive mesogenic monomer 
4-(3-acryloyloxypropyloxy) benzoic acid 2-methyl-1,4-phenylene 
ester (RM257) and the photo-initiator 2-dimethoxy-2-phenyl 
acetophenone (DMPAP) prior to formation of the LC-in-water 
emulsions. Next, the emulsions were formed and PS colloids 
were subsequently adsorbed to the surfaces of the LC droplets 
(see also the Experimental Section below for more detail). We 
found that increasing the homogenization period from 30 s 
(used in the experiments reported above) to 300 s resulted in 
more than two PS colloids adsorbed to surfaces of the drop-
lets. As was the case for two adsorbed PS colloids, we observed 
multiple colloids to adsorb at diametrically opposite boojums 
of bipolar LC droplets with equal probability ( Figure    3  A,B). We 
next added SDS to the emulsions to trigger a bipolar-to-prera-
dial ordering transition, which was observed to sweep the col-
loids to a single pole of the droplets (the fi nal concentration of 
SDS was again 2 m M ). Finally, the emulsions were exposed to 
UV light for 40 min to photo-polymerize the colloid-coated LC 
droplets in the preradial confi guration.  

 Figure  3 C–F shows Fluo micrographs of spherical solid 
“Janus-like” microparticles with an internal structure of LC 
locked in the preradial confi guration by the polymer network 
(see Figure S3 of the SI for the corresponding BF and PL 
micrographs, and Figure S4 for additional examples). The col-
loids are located on approximately one half of the LC droplet. 
We note here that the depth of focus of the 100 × oil-immersion 
objective used to collect the images is ≈500 nm. Therefore, PS 
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colloids at different heights along the surface of the spherical 
“Janus-like” microparticles that fall within this depth of focus 
appear with similar intensity in Fluo micrographs. Interest-
ingly, the packing arrangements of the colloids on the surfaces 
of the LC droplets follow a close-packed hexagonal pattern, 
which is distinct from the star structures recently reported to be 
formed by 4 µm-in-diameter silica particles, treated to induce 
a homeotropic anchoring of the LC, trapped at the surfaces of 
large (150 to 250 µm-in-diameter) bipolar LC droplets dispersed 
in an aqueous solution of polyvinyl alcohol. [ 39 ]  Ongoing studies 
are investigating the origins of this hexagonal pattern, the 
results of which will be reported elsewhere. From the results 
displayed in Figure  3  and Figures S3 of the SI, we conclude 
that our new methodology can be employed to synthesize solid 
spherical “Janus-like” microparticles with internal structuring 
characteristic of a LC droplet. 

 As described above, our methodology for synthesis of patchy 
microparticles and microparticles is generalizable because the 
LC droplets can be used to direct the assembly of a range of 
different organic or inorganic colloids on the droplet surfaces. 
In the fi nal experiment reported in this paper, we demonstrate 
synthesis of functional magnetic patchy LC droplets that can be 
rotated in weak magnetic fi elds. The patchy LC droplets were 
synthesized using paramagnetic, 2.5 µm-in-diameter PS col-
loids (the colloids contained dispersions of iron oxide nano-
particles). Prior to addition of any SDS, we observed bipolar 
LC droplets with multiple magnetic PS colloids distributed 
non-uniformly amongst their boojums. We comment here that 
although the larger size of the magnetic PS colloids (relative 
to the non-magnetic colloids) allowed the position of the col-
loids to be resolved in BF micrographs, the exact number of 
magnetic PS colloids adsorbed at the poles of the droplets could 
not be determined because the colloids were not fl uorescently 
labeled. When a permanent magnet was held ≈15 cm away 
from the LC emulsion, the orientational response of the patchy 
bipolar LC droplets to the weak external magnetic fi eld (∼10 −4  
Tesla see below) depended on the location of the PS colloids 
on the surface of the droplets, as shown in  Figure    4  A. Specifi -
cally, bipolar LC droplets with magnetic PS colloids adsorbed at 
a single pole rotated to an equilibrium state in which the pole 
with the adsorbed colloids faced the location of the magnet. 
In contrast, bipolar LC droplets with colloids adsorbed at both 
poles were observed to align in a bimodal distribution of ori-
entations with droplets oriented such that the two poles were 
aligned either parallel or perpendicular to the magnet (see 
Figure  4 A,B).  

 The above observations show that the heterogeneous popu-
lation of magnetic patchy LC droplets responds non-uniformly 
to the external magnetic fi eld (Figure  4 B). To overcome this 
drawback, homogeneous populations of LC droplets were 
prepared by reversible switching of the internal ordering of 
the LC using SDS (as described above). We note here that 
we prepared uniform populations of both bipolar and pre-
radial dipolar patchy droplets because these confi gurations 
generate distinct optical appearances when viewed between 
crossed polarizers (Figure  1 B). As shown in Figure  4 C and 
Figure S5A,B of the SI, when the entire population of mag-
netic patchy LC droplets was in either the preradial or bipolar 
confi guration, we observed a uniform orientational response 
of the LC droplets to the applied fi eld. For example,  Figure    5   
shows a clock-wise 360° in-plane rotation of a LC droplet in 
either the preradial or bipolar confi guration around an axis 
normal to the center of the droplets (see SI for corresponding 
videos). We end with two important comments. First, 0.1–1 
Tesla magnetic fi elds have been shown to trigger ordering 
transitions in LC droplets in which the LC molecules (with a 
positive dielectric anisotropy) align parallel to the direction of 
the magnetic fi eld (so-called Fredericks transitions). [ 16,40 ]  How-
ever, the magnetic fi eld used here was much weaker (∼10 −4  
Tesla), and the LC droplets were shown to rotate due to inter-
actions between the adsorbed magnetic colloids and the fi eld 
(rather than interactions between the fi eld and LC). Second, 
two possible mechanisms exist for the observed rotation of 
magnetic patchy LC droplets: i) the magnetic colloids and LC 
droplet rotate together or ii) the magnetic colloids adsorbed at 
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 Figure 3.    Synthesis of solid “Janus-like” microparticles via switching of 
LC droplets. A,B) Side view of the arrangement of PS colloids on the 
surface of a bipolar LC droplet prior to addition of SDS. A side view is 
shown to emphasize that colloids were adsorbed at both poles. C–F) 
Solid “Janus-like” microparticles with an internal LC structure locked in 
the preradial confi guration (adsorption of SDS) by a polymer network as 
viewed from the D) side, E) top, and F) bottom. Each image was captured 
by allowing the microparticles to rotate and subsequently focusing on the 
apex of the newly oriented microparticle. The white dashed circles indi-
cate the contour of the microparticle. The depth of focus was ≈500 nm. 
Corresponding schematic illustrations viewed from the side are shown 
in (A,C).
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the surface rotate fi rst, and the internal confi guration of the 
LC droplet subsequently relaxes to its equilibrium state. We 
calculate the characteristic time for the LC to adopt the velocity 
of a magnetic colloid moving across the surface of the droplet 
( τ υ   ∼  R  2 / ν , where  ν  is the kinematic viscosity of 5CB and is of 
order 10 −5  m 2 /s) [ 41 ]  to be much shorter than the time required 
for relaxation of the molecular orientational order within 
the LC droplet ( τ n   ∼  η  5CB  R  2 / K , where  η  5CB  ∼ 10 −2  Pa s is the 
dynamic viscosity of 5CB and  K  ∼ 10 −11  N is the elastic con-
stant (see above)). [ 20 ]  For a 10 µm radius LC droplet  τ υ   ∼ 10 −5  
s <<  τ n   ∼ 0.1 s, thus we conclude that viscous forces cause the 
LC to rotate with the magnetic colloid.   

  3.     Conclusion 

 The experiments reported in this paper demonstrate a general-
izable approach to the synthesis of homogeneous dispersions 
of patchy LC microdroplets and microparticles. The approach 
uses reversible changes (i.e., switching) of the internal ordering 
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 Figure 4.    Infl uence of the positions of magnetic PS colloids adsorbed to 
the surfaces of bipolar LC droplets on the alignment of the patchy drop-
lets in a weak external magnetic fi eld. A) Representative PL micrographs 
of the orientation of droplets with colloids adsorbed at either a single 
pole (lower droplet on the left) or both poles (top droplet on the left 
and droplet on the right) in the vicinity of boojum defects. The magnet 
was held at a ≈45° angle with respect to  x -axis and ≈15 cm away from 
the sample. The red arrows indicate the location of the pole at which 
the magnetic PS colloids are adsorbed. B,C) Distribution of rotational 
orientations observed for bipolar LC droplets in the presence of a mag-
netic fi eld for droplets with magnetic PS colloids adsorbed at B) either a 
single or both pole(s) prior to addition of SDS or C) trapped at one pole 
by reversible adsorption of SDS. The rotational orientation is expressed 
as a function of the angle ( θ , see inset in (B)) defi ned by the location of 
the magnetic disc relative to the orientation of a line that connects the 
boojum defects of bipolar LC droplets. The histograms were assembled 
from analysis of B) 55 or D) 39 droplets in 3 independent experiments.
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 Figure 5.    PL micrographs of a clock-wise 360° in-plane rotation of a LC 
droplet in either a A,C,E,G,I) preradial or B,D,F,H,J) bipolar confi guration 
around an axis normal to the center of the droplets. Magnet PS colloids 
were adsorbed at a single pole (indicated by the red arrow). The rotation 
was driven by a magnetic disc held ∼15 cm away from the sample. The posi-
tion of the magnet was to the C,D) east, E,F) south, G,H) west, or I,J) north 
of the sample in the plane of the stage. Corresponding schematic illustra-
tions are shown in (A,B). Corresponding videos are available in the SI.
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of the LCs to uniformly position colloids on the surfaces of the 
LC microdroplets. Specifi cally, a transformation from a bipolar 
to a preradial confi guration, triggered by adsorption of sur-
factants or addition of simple salts to the aqueous phase of the 
LC emulsions, induces a long-range elastic force that sweeps 
adsorbed colloids to a unique location (the location of the single 
defect of the preradial confi guration). The reverse ordering 
transition results in a homogeneous population of bipolar LC 
droplets with colloids remaining at the single location (one of 
the boojum defects) because the colloids are trapped in a local 
free energy minimum on the surfaces of the droplets. We illus-
trate the utility of the methodology by demonstrating synthesis 
of solid “Janus-like” microparticles and also magnetically-
responsive patchy bipolar or preradial LC droplets with dipolar 
symmetry. Because a range of colloidal materials can be posi-
tioned on the LC droplets using the methods reported in this 
paper, and because the LC droplets can be polymerized to form 
patchy microparticles, the results presented in this paper pro-
vide the basis of a general methodology for synthesis of com-
plex multifunctional microparticles. Such microparticles have a 
range of potential applications, including in biological sensors, 
chemooptical transduction, directed self-assembly of meso-
scopic materials, and drug delivery.  

  4.     Experimental Section 
  Materials : Sodium dodecyl sulfate (SDS), sodium chloride (NaCl), 

sodium hydroxide (NaOH), and 2-dimethoxy-2-phenyl acetophenone 
(DMPAP) were purchased from Sigma-Aldrich (St. Louis, MO). 1 µm-in-
diameter fl uorescent polystyrene (PS) colloids ( λ  exc  = 480 nm/ λ  em  = 
520 nm) were purchased from Bangs Laboratories (Fishers, IN). 4-cyano-
4’-pentylbiphenyl (5CB) and 4-(3-acryloyoxypropyloxy) benzoic acid 
2-methyl-1, 4-phenylene ester (RM257) were obtained from EM Sciences 
(New York, NY). 2.5 µm-in-diameter magnetic PS colloids were purchased 
from Spherotech (Lake Forest, IL). Deionization of a distilled water source 
was performed with a Milli-Q system (Millipore, Bedford, MA). 

  Preparation of Liquid Crystal (LC)-in-Water Emulsions : LC-in-
water emulsions were prepared according to previously published 
methods. [ 24,25 ]  Briefl y, the emulsions were prepared by emulsifying 
4 µL 5CB in 1.98 mL of an aqueous phase using a homogenizer (T25 
digital ULTRA-TURRAX) equipped with a S25 N-10G dispersing element 
(IKA), for 30 s at 6500 rpm. This procedure resulted in a homogeneous 
population of droplets in the bipolar confi guration. The emulsions were 
contained in 19 mm-in-diameter, 51 mm high glass vials. 

  Adsorption of PS Colloids at the Surfaces of LC Droplets : The PS colloids 
were adsorbed at the surfaces of the LC droplets through addition of a 
20 µL of a 1% wt/v PS colloid dispersion to 1.98 mL of a LC-in-water 
emulsion, followed by either a 30 or 300 s homogenization process 
at 6,500 rpm, for experiments with two or many adsorbed colloids, 
respectively. 

  Preparation of Preradial or Bipolar LC Droplets with Two PS Colloids 
Adsorbed at a Single Defect using Sodium Dodecyl Sulfate (SDS) : For the 
experiments in which SDS was used to change the internal confi guration 
from bipolar to preradial, 40 µL of a 100 m M  aqueous solution of SDS was 
added to 2 mL of emulsions that contained bipolar LC droplets with two 
PS colloids adsorbed at the surface. The fi nal concentration of SDS was 
2 m M . The reverse (preradial-to-bipolar) ordering transition was achieved 
through dilution of 100 µL of an emulsion with preradial LC droplets into 
2 mL pure water. The fi nal concentration of SDS was below 0.1 m M . 

  Preparation of Preradial or Bipolar LC Droplets with Two PS Colloids 
Adsorbed at the Surface using Electrical Double Layer (EDL) Forces : For 
the experiments in which EDL forces were used to change the internal 
confi guration from bipolar to preradial, 100 µL of an emulsion with 

bipolar LC droplets with two PS colloids adsorbed at the surface was 
added to 2 mL of a 1  M  NaCl aqueous solution (with the pH adjusted 
to 12.7 using NaOH). Subsequently, to induce the reverse (preradial-to-
bipolar) ordering transition, we added 100 µL of the emulsion to 2 mL 
pure water to decrease the concentration of NaCl below 100 m M . 

  Preparation of Polymerized LC Patchy Microparticles with “Janus-
like” Surface Anisotropy : First, we prepared a photo-reactive RM257/
DMPAP/5CB mixture to be used for formation of LC emulsions. The 
RM257 was mixed with 5CB at a wt/wt percentage of 10%. Then, the photo-
initiator DMPAP was added at 5% wt/wt based on the mass of RM257. 
After mixing, the experiments were performed in a fashion similar to those 
performed with two adsorbed PS colloids (see above). However, instead of 
5CB, the RM257/DMPAP/5CB mixture was used, and multiple (more than 
two) colloids were adsorbed by increasing the homogenization time from 
30 s to 300 s. Photo-polymerization of the 5CB/RM257/DMPAP mixture 
was performed using a UV lamp (365 nm) that delivered 2.5 mW/cm 2 . 
The emulsion was exposed to UV light for 40 minutes. 

  Rotation of LC Patchy Droplets with Magnetic PS Colloids Adsorbed at 
the Surface : A magnetic fi eld was introduced to a LC emulsion by placing 
a 1.9 cm-in-diameter, 1.3 cm thick magnetic disc (K&J Magnetics Inc., 
Pipersville, PA) ≈15 cm away from the emulsion. The strength of the 
magnetic fi eld at the position of the LC emulsion was calculated by the 
magnet calculator on the website of K&J Magnetics. [ 42 ]  The rotation of 
the magnetic patchy LC droplets was driven by an in-plane rotation of 
the magnetic disc. 

  Characterization of Patchy Microparticles by Bright Field (BF), Polarized 
Light (PL), and Fluorescence (Fluo) Microscopy : To characterize the LC 
patchy microparticles, a 50 µL volume of emulsion was fi rst dispensed 
onto a glass coverslip. Next, the LC droplets were imaged using an 
Olympus IX71 inverted epifl uorescence microscope (Center Valley, PA) 
equipped with a 100 × oil-immersion objective, crossed polarizers, 
a mercury lamp, and a Chroma fi lter (457 nm ≤  λ  exc  ≤ 502 nm, and 
510 nm ≤  λ  em  ≤ 562 nm). BF, PL, and Fluo micrographs of the 
droplets were collected with a Hamamatsu 1394 ORCAER CCD camera 
(Bridgewater, NJ) connected to a computer and controlled through 
SimplePCI imaging software (Compix, Inc., Cranberry Twp., NJ). BF 
micrographs were collected by removing the polarizer from the optical 
path of the microscope.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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