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Three-dimensional clustering of Janus cylinders by
convex curvature and hydrophobic interactions

Jongmin Kim™*, Myung Seok Oh™*, Chang-Hyung Choi®, Sung-Min Kang®, Moo
Jin Kwak®, Jae Bem You", Sung Gap Im” *, and Chang-Soo Lee™ *

The three-dimensional (3D) clustering of Janus cylinders are controlled by simply tuning the
cylinder geometry and hydrophobic interactions. Janus cylinders were prepared by combining
two approaches: micromolding and initiated chemical vapor deposition (iCVD). Hydrophilic
cylinders with a flat- or convex-top curvature were prepared by micromolding based on surface
tension-induced flow. The iCVD process then provides a hydrophobic domain through the simple
and precise deposition of a polymer film on the top surface, forming monodisperse Janus
microcylinders. We use these Janus cylinders as building blocks to form 2D or 3D clusters via
hydrophobic interactions in methanol. We investigate how cylinder geometry or degree of
hydrophobic interaction affects the resulting cluster geometries. The convex-top Janus cylinders
lead to 3D clustering through tip-to-tip interactions, and the flat-top Janus cylinders lead 2D
clustering through face-to-face attraction. Number of Janus cylinders in 3D clusters is tuned by
controlling the degree of hydrophobic (or hydrophilic) interactions.

Introduction

Self-assembly is a spontaneous process in which individual
building blocks form highly ordered and complex structures
driven by local interactions among the building blocks.'* The
formation of ordered superstructures through self-assembly of
various building blocks includes molecules,”” polymers®'® and
particles.'"""” Self-assembly using nano- and microparticles is
an alternative manufacturing process that efficiently produces
various materials, such as catalytic supports,'® ' photonic
crystals for optics,”®** and sensors.?* Various types of forces,
such as magnetic force,”>2® capillary force,”>? depletion
force’>* and hydrophobic interaction,*® *’ induce the self-
assembly of building blocks. Among them, hydrophobic
interaction is of particular interest because they control the
degree of assembly relatively easily by altering the surface
hydrophobicity of the particles. The local hydrophobic
interaction with the environmental liquid in which the building
blocks are exposed to is another important factor.’® *° Most
studies on self-assembly driven by hydrophobic interactions
have focused on submicron-scale building blocks in a bottom-
up approach.**** For example, spherical triblock Janus particles
have been used to self-assemble in Kagome lattice structures
via hydrophobic interactions between hydrophobic patches.
Also, the Janus sphere has shown to produce hierarchical
structures via a controlled stepwise assembly.’® ** These
methods show great promise as submicron assembly
techniques. Similarly, microparticles with patterned geometric
and chemical recognition sites is also a great candidate to
control self-assembly systemically with increased intricacy at
the micro- or millimeter scale. A key element that remains only
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vaguely understood is the control over the interaction
procedures and components, such that only the desired structure
is formed. 15 38 43.45

In this work, we demonstrate the 3D clustering of Janus
cylinders by simply tuning the roof-top curvature and degree of
hydrophobicity/hydrophilicity. Janus cylinders were prepared
by micromolding integrated with initiated chemical vapor
deposition (iCVD) (Scheme 1). The fabrication procedure
involved two steps: 1) the synthesis of hydrophilic
microcylinders by micromolding, followed by 2) the selective
rendering of the hydrophobic domain on the top surface of the
hydrophilic base cylinders by iCVD. We first prepared
hydrophilic base cylinders with flat- or convex-top curvature
through micromolding without or with addition of wetting
fluids (paraffin oil), respectively. A photocurable solution
composed of polyethyleneglycol diacrylate (PEG-DA) and 2-
hydroxyethyl methacrylate (HEMA) was loaded into a
poly(dimethylsiloxane) (PDMS) micromold. The photocurable
solution was then exposed to UV light, forming cylindrical
particles with flat-top curvature (Scheme 1A). Particles with
convex-top curvature were fabricated upon addition of the
wetting fluid and subsequent UV exposure (Scheme 1B).*® The
top surfaces of these hydrophilic microcylinders with two
different shapes were readily modified by iCVD to introduce a
hydrophobic domain on only the top surface of the hydrophilic
cylinders, as shown in Scheme 1C.
Scheme 1. Schematic illustration of the synthesis of Janus
microcylinders via micromolding combined with initiated vapor
deposition (iCVD). Synthesis of the hydrophilic base cylinders using

micromolds and wetting fluids: A) Flat-top cylinders and B) Convex-top
cylinders. C) Selective modification of the top domains via iCVD,
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forming flat-top and convex-top Janus microcylinders. D) Self-assembly
of the Janus microcylinders induced by orbital shaking.

The micromolds containing the hydrophilic cylinders were
placed in an iCVD reactor, followed by exposure to various
vaporized monomers  (4-vinylpyridine (4VP), benzyl
methacrylate (BMA), and co-flow of 4VP and BMA) and an
initiator (tert-butyl peroxide). Exposure to the vapor flow
selectively polymerized the top surface of the hydrophilic
cylinders and formed Janus micro cylinders. After iCVD, the
Janus cylinders were collected from the micromold and
assembled in methanol in an orbital shaker to induce random
collisions between the Janus cylinders (Scheme 1D).*°

Experimental section

Materials

The SU-8 3025 (Photoresist) and SU-8 developers were
purchased from MicroChem (Newton, MA, USA). The
poly(dimethylsiloxane) (PDMS) oligomer and curing agent
were purchased from Dow Corning (MI, USA). Polyethylene
glycol diacrylate (PEG-DA, average Mn = 700), hydroxyethyl
methacrylate (HEMA, 97%), 4-vinylpyridine (4VP, 95%), 2-
hydroxy-2-methylpropiophenon (Darocur 1173, 97%), and tert-
butyl peroxide (TBPO, 98%, Aldrich) were purchased from
Sigma-Aldrich (MO, USA), and benzyl methacrylate (BMA,
98%) was purchased from TCI chemicals. All organic solvents
such as ethylene glycol (EG), diiodomethane (DIM), paraffin
oil, and methanol (MeOH) were purchased from Sigma-Aldrich
(MO, USA). All chemicals were used as purchased without
further purification. Deionized water (>18  cm) was obtained
from Milli-Q water (Milford, MA, USA).

Synthesis of microcylinders with flat and convex tops

Hydrophilic cylinders with two different shapes were
synthesized from the micromolding process that was previously
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reported by Choi and Lee et al.*>*” Briefly, PDMS micromolds
were prepared by conventional soft lithography.** The
monomer solution composed of HEMA, PEG-DA and 5%
darocur 1173 (v/v) was then prepared. During fabrication, the
compositions of HEMA and PEG-DA were varied as 10%
HEMA, 20% HEMA, 30% HEMA and 50% HEMA to control
the hydrophilicity. The prepared monomer solution was gently
poured onto the PDMS micromold to fill the microwells with
the monomer solutions. Then, the residual solution was
removed by pipette-suctioning. The loaded monomer solution
was polymerized under an N, atmosphere by UV exposure
(Inno-Cure 150, Lichtzen Co., Korea) for 5 minutes to produce
hydrophilic microcylinders with flat-top surfaces. Convex-top
microcylinders were synthesized by pouring paraffin oil as a
wetting fluid on the surface of the monomer solution loaded in
the micromolds. The interfacial tensions between the monomer
solution and the wetting fluid formed the curved interface.
Then, the loaded monomer solution underneath the wetting
fluid was photopolymerized by UV exposure for 5 minutes to
yield hydrophilic microcylinders with convex-top surfaces.

Deposition of the various iCVD polymer films

Homopolymer films (pBMA, p4VP individually) and
copolymer films (pBMA-co-p4VP) were deposited on the
synthesized hydrophilic microcylinders within the PDMS
micromold using a custom-built iCVD reactor (Daeki Hi-Tech
Co, Ltd). BMA, 4VP, and a co-monomer flow of BMA and
4VP with two different compositions were deposited on the
hydrophilic cylinders. Table 1 shows the detailed deposition
conditions of the individual monomer and co-monomer flows,
along with the pressure, flow rate and temperature of the
substrate. For the pBMA homopolymer, vaporized BMA and
TBPO were introduced into the iCVD chamber at a flow rate of
0.51 and 0.60 sccm, respectively. To achieve the target flow
rate, TBPO was held at room temperature, and BMA was
heated to 70°C before being introduced into the iCVD reactor.
The pressure of the chamber was set to 100 mTorr to maintain
the fixed flow rate. The temperature of the filament was set to
200°C to activate TBPO and create radicals, and the substrate
temperature was set to 40°C. The radicals then turned the
monomer molecules into mPonomer radicals, inducing a chain
reaction. The thickness of the polymer layer was monitored in
situ by a He—Ne laser (JDS Uniphase). For the pPBMA-co-p4VP
copolymer, vaporized BMA, 4VP, and TBPO were introduced
into the iCVD chamber.

Table 1. Deposition conditions of the iCVD polymeric layers

Deposition condition

Controlled
polymerlg ~ Monomer and Substrate
surfaces via initiator flow rates Pressure temperature
iCVD BMA 4VP TBPO (mTorr) {; )
(sccm) (scem) (sccm)
p4 VP - 1.94 0.60 260 25
Co-1 0.51 1.94 0.60 260 32
Co-2 0.51 1.94 0.60 220 32
pBMA 0.51 0.00 0.60 100 40

The flow rates of BMA and TBPO were the same as for pPBMA,
and the flow rate of 4VP was 1.94 sccm. The partial pressure of
4VP was manipulated by controlling the total chamber
pressure. To increase the concentration of 4VP, the total
chamber pressure of Co-1 and Co-2 were set at 260 mmTorr
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and 220 mmTorr, respectively. The filament temperature was
set to 200°C. The substrate temperature was set to 32°C lower
than that of the pBMA homopolymer to induce the adsorption
of 4VP.

Self-assembly and image analysis

To induce random collisions between the Janus cylinders,
an orbital shaker was used.** The synthesized Janus cylinders
were washed with isopropyl alcohol (IPA) several times and
redispersed in IPA. Then, 10 pl of Janus cylinders dispersed in
IPA were loaded into the glass dish. After complete evaporation
of IPA, the dishes were filled with 2 ml of methanol. The final
concentration of loaded Janus cylinders was approximately 100
cylinders/ml. The dish was then sealed with Teflon tape to
prevent evaporation of MeOH. Subsequently, the dish
containing the Janus cylinders was stirred by an orbital shaker
at 100 rpm (SHO-1D, WiseShake, Wertheim, Germany) to
produce random collisions between the cylinders for 30
minutes. Finally, the assembled clusters were observed on an
inverted fluorescence microscope (TE2000, Nikon, Japan)
equipped with a CCD camera (Coolsnap cf, Photometrics,
USA). Image Pro software (Media Cybernetics, MD, USA) and
Image J software (http://rsb.info.nih.gov/ij/) were used to obtain
optical fluorescent images and analyze the assembled clusters
individually.

Quantitative analysis of the assembled clusters

The assembled clusters were quantitatively analyzed for the
assembly yield and probability defined by the following
equations below:

The number of all assembled x-mers (N, )
The numberof all clusters (N, )
where x is 2 (dimers) or 3 (trimmers), or 4 (tetramers) or 5

Probability (%) =

cesescccecee(])

(pentamers) or 26 (more than hexamers), depending on their
assembled clusters.

The number of assembled Janus cylinders (N ;)

Yield (%)=
ield (% The total number of Janus cylinders (N, )

cessseccsns(2)

Results and discussion

Synthesized Janus microcylinders with flat and convex tops

We produced Janus cylinders with flat- or convex-top
curvatures using micromolding integrated with iCVD (Scheme
1). A mixture of pHEMA and PEG-DA (3:7, v/v) was used to
synthesize the hydrophilic base cylinders, and poly benzyl
methacrylate (pBMA) was used to impart a hydrophobic
domain on the top surface via iCVD. Scanning electron
microscopy (SEM) images show highly uniform Janus
cylinders with flat- and convex-top curvatures (Fig. 1A and B).

Next, energy-dispersive X-ray spectroscopy (EDX) proved
that iCVD successfully imparted a hydrophobic domain on the
Fig. 1. Characterization of the synthesized Janus microcylinders. SEM
images of A) flat-top and B) convex-top Janus microcylinders. C)
Enlarged HR-SEM images of the convex-top Janus microcylinders. D)
EDX spectrum analyzed from the top and side of the convex-top Janus
microcylinders. E) The characteristic nitrogen peak on the top regions

This journal is © The Royal Society of Chemistry 2015
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indicates that p4VP resulted from selective deposition of pBMA-co-
p4VP on the Janus microcylinders. F) Fourier-transform infrared (FTIR)
spectra of two different homopolymers (p4VP, pBMA) and two
different copolymers composed of pPBMA and p4VP (Copolymer 1, 2
(Co-1, Co-2)) deposited via iCVD; Co-1 and Co-2 were deposited using
two different total pressures (Co-1: 260 mTorr and Co-2: 220 mTorr).
(See experimental section)

top surface of the Janus cylinders. We individually
characterized the elemental compositions of the top and side
regions of the cylinders (Fig. 1C). As shown in Fig. 1D and E,
the characteristic nitrogen peaks at approximately 0.4 keV
(typically 0.392 keV) were only detected on the top surface of
the cylinders,*>! clearly indicating that the iCVD pBMA-co-
p4VP polymeric layer had been deposited exclusively on the
desired top region of the cylinders. One of the major
advantages of iCVD is the ability to control the surface
chemistry using homo- and co-monomers with various
chemical compositions in a single step, which was used to
control the hydrophobicity of the top surface of the Janus
cylinders. Here, BMA, 4VP, and a co-monomer flow of BMA
and 4VP with two different compositions were deposited on the
hydrophilic  cylinders to demonstrate this controlled
hydrophobicity (Table 1). The same polymer films were
deposited on silicon substrates in the same batch as control
surfaces. Presumably, the deposited polymeric layers on the
silicon substrates are identical to the top surfaces of the Janus
cylinders. Four different iCVD polymer films on silicon
substrates were analyzed by Fourier-transform infrared (FT-IR)
spectroscopy. The FT-IR spectrum of pBMA in Fig. 1F shows
four characteristic peaks at 1720 cm™ and 1140 cm™ attributed
to the unconjugated ester (C-CO-O-C) stretching of
methacrylate.’® Peaks at 700 cm™ and 750 cm™ were assigned
to mono-substituted benzene peaks.’® Additionally, the FT-IR
spectrum of p4VP shows five characteristic peaks at 820 cm™,
1420 cm™, 1500 cm™, 1560 cm™, and 1600 cm™ corresponding
to substituted pyridine.®* All of the characteristic peaks from
the pPBMA and p4VP homopolymers were also observed for
both copolymer 1 (Co-1) and copolymer 2 (Co-2). The
chemical compositions of Co-1 and Co-2 were controlled by
the flow rate of the vaporized BMA and 4VP monomers.

The characteristic peaks of Co-2 show relatively decreased
pyridine absorption peaks compared to Co-1, whereas the
characteristic peaks in pBMA corresponding to mono-
substituted benzene increased notably. This indicates that the
BMA fraction in Co-2 was higher than in Co-1 and thus more
hydrophobic.
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The hydrophobicity of the top surface can be systemically
controlled by changing the chemical composition during iCVD.

Overall, the results shown in Fig. 1 clearly demonstrate that
this simple fabrication technique produces highly uniform
Janus cylinders with tunable curvatures. Compared to previous
techniques for the synthesis of Janus particles, such as glancing
angle deposition, sinking-in,*® and polymer entrapping
methods,”” our method offers several advantages: production of
highly uniform Janus particles with tunable geometries, no need
for protective layers to allow selective modification, and
flexibility in the choice of chemicals for particle
functionalization.

2D clustering of flat-top Janus cylinders with hydrophobicity

Clustering patterns can be tuned by controlling the degree
of hydrophobic attraction, which stems from the random
collisions between the Janus cylinders dispersed in methanol
(Fig. 2A). To investigate the effect of the degree of attractive
force for the hydrophobic domains of the resulting assembled
formations, we used the Janus cylinders composed of
hydrophilic base cylinders (pHEMA:PEG-DA = 30:70, v/v) and
iCVD-deposited hydrophobic domains, such as the two
copolymers with different ratios of BMA and 4VP (Co-1, Co-2)
and pBMA. The degree of hydrophobicity characterized by the
water contact angle was sequentially increased as follows: base
(PHEMA:PEG (30:70, v/v) < Co-1 < Co-2 < pBMA (Fig. 2J).
The flat-top Janus cylinders formed 2D clusters through face-
to-face (flat-top contact area) self-assembly (Fig. 2B-E) under
all conditions. Bright-field images of Fig. 2C-E show the
formation of 2D clusters by self-assembly of the flat-top Janus
cylinders, whereas hydrophilic base cylinders were well
dispersed without any interaction between the cylinders (Fig.
2B, F). Additionally, the increase in hydrophobicity of the
domains on the top surface lead to highly complex clusters
consisting of tunable numbers of the particles. Specifically, the
magnified bright-field images of Fig. 2G-I clearly show the
formation of clusters in each cylinder’s condition: dimers
(N=2), trimers (N=3), and tetramers (N=4). The probability
of the clusters was quantitatively analyzed from the entire
population of 100 cylinders per each condition. Fig. 2K shows
the distribution of clustering patterns depending on the
hydrophobic domains of the Janus cylinders. The Janus
cylinders with Co-1 hydrophobic domains formed dimers with
100% yield. Multiple clusters such as trimers (N=3) and
tetramers (N=4) were formed from the Janus cylinders with Co-
2 and pBMA hydrophobic domains. The assembly yield
representing the total number of assembled clusters in methanol
gradually increased because of the increased hydrophobic
interaction force (Fig. 2L). Presumably, the tunable clustering
resulted from the assembly configurations based on the degree
of hydrophobic interactions. For example, the Janus cylinders
with a pBMA domain imparted strong hydrophobic
interactions. The leftover hydrophobic domains of the Janus
cylinders, even after the initial assembly, enabled the sequential
assembly of the cylinders onto the available hydrophobic
domains to form trimers or tetramers. The Janus cylinders with
less hydrophobic interactions (Co-1) required a relatively large
contact area to form assembled structures, and predominantly
formed dimers.

Fig. 2. 2D clusters formed from flat-top Janus microcylinders with
controlled hydrophobicity. A) Schemes of self-assembly using flat-top
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Janus microcylinders composed of three different hydrophobicities
controlled via iCVD and pHEMA:PEG (30:70, v/v) for the hydrophilic
base cylinders. B-1) Bright-field images of the 2D clusters; B, F) base
cylinders; C, G) Co-1/pHEMA:PEG (30:70, v/v); D, H) Co-2/pHEMA:PEG
(30:70, v/v); E, 1) pBMA/pHEMA:PEG (30:70, v/v), respectively. Scale
bars indicate 200 um for B-E and 100 um for F-I. J) Water contact angle
of the hydrophobicity-controlled surfaces. K) Assembly probability at
each number of particles and L) Assembly yield analyzed from the
entire distribution of assembled clusters.

Free energy of adhesion of Janus microcylinders

The interaction force between the Janus cylinders can be
evaluated in terms of the thermodynamic free energy of
adhesion. We examined surface properties and free energy of
adhesion between the Janus cylinders in two sequential steps:
1) determine the surface free energies of the hydrophobic
domains and the hydrophilic base cylinders and 2) calculate the
interfacial free energy between two different phases, and
examine the adhesion free energy between each surface of
Janus cylinders in methanol.

First, we examined the surface free energy of the
hydrophobic domains and hydrophilic base cylinders using the
van Oss-Chaudhury-Good (vOCG) equation (3) and equation

(4).58

yL(1+COSG):2\/ySLWy£W+ 2‘/3):')); + 2\/y:yz ..00000000000000(3)

tot _ LW
s s

e N R R X L R R RPN )

AB
+ s

cecececscsesectcecscsecececscsnsecacs(d)
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Table 2. Surface free energy and free energy of adhesion for Janus microcylinders with controlled hydrophobicity.

Contact angle (°)

Surface free energy components [mJ/m?]

Polymeric surfaces

Water DIM EG s vV s s
Hydrophilic surface pHg%/I.%I;EG 45.50 23.70 20.59 49.64 46.61 0.07 3228
Co-12 71.78 1621 58.30 48.80 48.80 0 15.59

Hﬁ‘g&‘;};‘l’:’“’ Co-2> 79.46 8.12 59.58 50.29 50.29 0° 8.07
pBMA? 89.00 8.00 65.00 50.31 50.31 0 2.94

MeOH - - - 22.5* 18.2* 0.06* 774

Janus cylinders

Free energy of adhesion (AG™) [mJ/m?]

(Hydrophobic/Hydrophilic)®

Hydrophilic-Hydrophilic

Hydrophilic-Hydrophobic Hydrophobic-Hydrophobic

surfaces® surfaces’ surfaces®
Co-1/pHEMA:PEG (30:70) -11.13 -14.05 -19.52
Co-2/pHEMA:PEG (30:70) -11.13 -14.29 -21.81
pBMA/pHEMA:PEG (30:70) -11.13 -13.98 -22.90
Hydrophilic base cylinders 1113 i i

(PHEMA:PEG (30:70))

'Hydrophilic surface synthesized from photopolymerization of a mixture of HEMA and PEG-DA (30:70, v/v).
Three different hydrophobic domains deposited on the hydrophilic top surface by iCVD; Two copolymers (Co-1, Co-2) and a homopolymer (pBMA) (See

experimental section).
*Negative value was considered to be zero.”
*Values are reported in the literature.”

*Hydrophobic/Hydrophilic: Hydrophobic domains on the top surface of the hydrophilic base cylinders.
SAG™ between the two identical hydrophilic surfaces ()HEMA:PEG = 30:70, v/v).
"AG™ between the hydrophilic surface and the hydrophobic domains; Co-1, Co-2, and pBMA.

SAG™ between the two individual hydrophobic domains.

The subscripts S and L represent solid and liquid,
respectively, and the superscripts LW, AB, +, and — represent
the apolar (Lifshitz-van der Waals) components, the polar
components including electron-accepters (Lewis acids), and the
electron-donors (Lewis bases), respectively.

To examine the total surface free energy (y'), each surface
free energy components (y“V, y*, v)) was calculated by using
equation (3), and the contact angles of three different liquids
with known properties: water, diiodomethane (DIM), and
ethylene glycol (EG). Then, the total surface free energy of
each surface was calculated from equation (4) by using each
surface free energy component (y*%, y*, ¥) and equation (5).

Next, we examined the free energy of adhesion (4G“Y)
between the Janus cylinders using the equation (6).5" ¢

tot:

AG%JQ:Vlz-V13-V23°""°°""'°"""""""""'(6)

where the system was composed of Janus cylinders
(hydrophobic domains (phase 1)), hydrophilic base cylinders
(phase 2)), and methanol as an assembly medium (phase 3).
The interfacial free energies solid-liquid (y;3, v23) and solid-
solid (y;,) interactions were determined using the surface free
energy values (v, v*V, v', v) of the hydrophobic domains,
hydrophilic surfaces, polar solvent (MeOH) and equation (7).

This journal is © The Royal Society of Chemistry 2015

ylj:yl+yj_2' ylLWny -2 y:y; -2 y;ry} 000000000000000000000(7)

where 7;; represents the interfacial free energy per unit area
between two phases. Subsequently, the interfacial free energy
was substituted in equation (6) for the evaluation of the 4G
between the Janus cylinders.

The contact angle values on the hydrophilic surface
(pHEMA:PEG (30:70, v/v)) and three different hydrophobic
surfaces controlled via iCVD are summarized in Table 2. The
contact angles of the hydrophilic liquids (Water, EG) on the
hydrophobic pBMA domain were higher than that on the Co-1
and Co-2 surfaces. Additionally, the apolar components (y"")
of the pPBMA domains were higher than that of the others,
implying that hydrophobicity of the top domains was controlled
by iCVD. Next, we examined the free energy of adhesion
between the Janus cylinders. As the hydrophobicity of the top
surfaces increased, the 4G between the hydrophobic surfaces
decreased. The free energy between the pBMA surfaces
showed the most negative value, which represents the strongest
hydrophobic interaction force. The free energy of adhesion
between hydrophobic domains can be controlled systemically
by simply tuning the hydrophobicity of the top domains. We
believe that this controlled free energy of adhesion resulted in
the tunability of the assembled clusters that is discussed in Fig.
2.

Soft Matter, 2015, 00, 1-3 | 5
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2D clustering of flat-top Janus cylinders with hydrophilicity

Self-assembly of flat-top Janus cylinders was also evaluated
with controlled hydrophilicity. Hydrophilicity of the building
blocks can also manipulate self-assembly of amphiphilic
supramolecules.®*%® For example, formation of polymersomes
is highly dependent on the length of hydrophilic block and
results in fluid-like bilayer-forming vesicles or spherical
micelles.®” However, the effect of microparticle hydrophilicity
on self-assembly remains unclear. We expected that the degree
of hydrophilicity of Janus cylinders would play an important
role in controlling microparticle self-assembly.

The hydrophilicity of Janus cylinder were modulated by
changing the composition ratio of HEMA used as a hydrophilic
co-monomer of the base cylinders, while the iCVD pBMA for
the hydrophobic domain was fixed (Fig. 3A). As a result, the
hydrophilicity of the Janus cylinders gradually increased with
the increasing HEMA fraction (Fig. 3J). Typically, flat-top
Janus cylinders with different hydrophilicity form 2D clusters
through hydrophobic interactions (Fig. 3B-E). The 2D
formation of clusters was highly dependent on hydrophilicity of
the Janus cylinders. The most abundant clusters were dimers
(N=2), formed by face-to-face interactions between the top
surfaces of the hydrophobic pPBMA domain. The other multiple
clusters (N=3, 4, or higher) were formed by increasing the
hydrophilicity of the Janus cylinders (Fig. 3F-I).

We statistically examined the entire formation of 2D
clusters through image analysis. The probability in Fig. 3K
clearly shows that the increase in the hydrophilicity of the Janus
cylinders lead to an increase in numbers of the 2D clusters. The
Janus cylinders composed of pHEMA and PEG (50:50, v/v)
formed multiple clusters including trimers (N=3), tetramers
(N=4) and greater than pentamer (N = 5). Whereas, 100%
dimers (N=2) were formed by the Janus cylinders composed of
less hydrophilic base cylinders (pHEMA:PEG = 10:90, v/v).
Also, increases in the hydrophilicity of the Janus cylinders
increased the total number of assembled clusters in methanol
(Fig. 3L). We believe that the hydrophilicity of the Janus
cylinders likely affects the kinetics of self-assembly. Compared
to the less hydrophilic Janus cylinders (P HEMA:PEG = 10:90,
v/v), the most hydrophilic Janus cylinders (pHEMA:PEG =
50:50, v/v) were more readily hydrated that results in rapid
exposure of hydrophilic base cylinders part to a polar solvent
(methanol) for the same amount of time. This likely induces
acceleration of minimizing the hydrophobic area between the
Janus cylinders and results in high assembly yields, but the
exact mechanism remains unclear. The increased number of
cylinders in the 2D clusters is also likely induced by the
hydration effect of the hydrophilic base cylinders. In molecular
assembly, the increased hydrophilicity of the polar head group
from increased length or size forms larger aggregates with close
packing.®®7 Tt is still difficult to address the direct relationship
between molecules and microcylinders, but these results imply
that the increased hydrophilicity of the base cylinders increased
the number of particles comprising the 2D clusters.

To better understand the dependence of the Janus cylinder
self-assembly on hydrophilicity, the free energy of adhesion
between the Janus cylinders was examined. First, we measured
the contact angles of the different liquids on four different
hydrophilic surfaces and the pPBMA surface. Subsequently, the
interfacial free energy and the adhesion free energy were
examined using equation (3-6). The contact angles and the
surface free energies of the four different hydrophilic surfaces

6 | Soft Matter, 2015, 00, 1-3
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Fig 3. 2D clusters formed by flat-top Janus microcylinders with
controlled hydrophilicity. A) Evolution of self-assembly using flat-top
Janus microcylinders composed of pBMA for the hydrophobic domains
and four different hydrophilic base cylinders controlled by the ratio of
HEMA to PEG-DA. B-I) Bright-field images of the 2D clusters formed by
flat-top Janus microcylinders: B, F) pBMA/pHEMA:PEG (10:90, v/v); C,
G) pBMA/pHEMA:PEG (20:80, v/v); D, H) pBMA/pHEMA:PEG (30:70,
v/v); E, I) pPBMA/pHEMA:PEG (50:50, v/v). Scale bars indicate 200 um
for B-E and 100 pum for F-l. J) Water contact angles on the
hydrophilicity-controlled surfaces. K) Assembly probability for each
number of particles. L) Assembly yield analyzed from the entire
distribution of assembled clusters.

and the pBMA hydrophobic surface are summarized in Table
3.The contact angles of the polar liquids (Water, EG) on the
hydrophilic surfaces decreased as the ratio of HEMA increased,
while the contact angles of the apolar liquid (DIM) increased.
The surface free energy of the base component on the
hydrophilic surfaces increased slightly because of the increase
in the ratio of HEMA, indicating that the hydrophilicity of the
Janus cylinders was precisely controlled.

In terms of the adhesion free energy between the Janus
cylinders, the 4G between the hydrophilic surfaces increased
as the ratio of HEMA increased. The AG* between
pHEMA:PEG (50:50, v/v) surfaces was higher than that of
pHEMA:PEG (10:90, v/v) surfaces, which indicates that
pHEMA:PEG (50:50, v/v) was more readily hydrated by the
polar solvent.

As discussed in Figure 3, the polar head groups or
hydrophilic blocks of the molecular assembly played a
significant role in determining the final assembled structures
because of the hydration effect.®* Similarly, the different
degrees of hydration on the hydrophilic surface of the Janus
cylinders likely enabled the tunability in the final assembled
clusters. Designing controlled 2D clusters with flat-top Janus
cylinders with tunable hydrophobicity and hydrophilicity are a
novel addition to the previous reports on self-assembled
clusters from Janus particles with controlled sizes of

This journal is © The Royal Society of Chemistry 2015
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Table 3. The surface free energy and free energy of adhesion for Janus microcylinders with controlled hydrophilicity.

Contact angle (°)

Polymeric surfaces

Surface free energy components [mJ/m?]

Lw +

Water DIM EG Ys Ys s Ys
PHEMAPEG 49.82 17.60 31.76 4845 4845 0’ 30.60
(10:90)
pHEMA:PEG
Hydrophili (20:30) 48.11 22,50 26.02 4850 4701 0.02 30.77
surfaces pPHEMA:PEG 45.50 23.70 20.59 4964 4661 0.07 3228
(30:70)
PHEMA:PEG 4175 24.50 16.64 4988 46.33 0.09 35.96
(50:50)
Hf;;‘;‘;l‘l’:w pBMA 89.00 8.00 65.00 50.31 50.31 0? 2.94
MeOH - - - 225 182 0.06 77

Janus cylinders

Free energy of adhesion (AG™) [mJ/m?]

(Hydrophobic/Hydrophilic)

Hydrophilic-Hydrophilic

Hydrophilic-Hydrophobic Hydrophobic-Hydrophobic

surfaces’ Surfaces® Surfaces’
pBMA/pHEMA:PEG (10:90) -17.70 -20.28 -22.90
pBMA/pHEMA:PEG (20:80) -14.84 -17.78 -22.90
pBMA/pHEMA:PEG (30:70) -12.84 -15.68 -22.90
pBMA/pHEMA:PEG (50:50) -12.33 -15.00 -22.90

"Increase in hydrophilicity by varying the mixing ratio of HEMA and PEG-DA (v/v) (See experimental section).

*Negative value was considered to be zero.”’
’AG™ between the individual hydrophilic surfaces.

*AG™ between the four individual hydrophilic surfaces and the hydrophobic pPBMA domains.

SAG™ between the identical hydrophobic pBMA domains.

hydrophobic patches or ratios of hydrophobic blocks®® 7.

The hydrophobic interactions between the flat-top surfaces
guides the directional assembly of the Janus cylinders. This
geometry-driven directional assembly forms the 2D clusters,
whose complexity can be changed simply by tuning either the
hydrophobicity of the top surface and/or the hydrophilicity of
the base cylinders.

In short summary, the flat-top Janus cylinders can be
assembled into 2D clusters using face-to-face hydrophobic
interactions (Figure 2 and 3). The number of cylinders
comprising the 2D clusters and its assembly yield can also be
easily tuned by controlling the hydrophobicity of the top
surface and the hydrophilicity of the base cylinders.

3D clustering of convex-top Janus cylinders with hydrophobicity

Self-assembly of convex-top Janus cylinders was also
controlled by hydrophobicity. A major issue in designing
building blocks for self-assembly is controlling surface
chemistry and geometry. For example, optically active
materials are fabricated via surface tension and complementary
shape-induced self-assembly.”® 77 Therefore, fabrication of
microparticles with controlled geometries and chemical
properties could potentially expand the design varieties of self-
assembly.

Convex-top Janus cylinders composed of 50% pHEMA and
50% PEG as hydrophilic base cylinders and three different
hydrophobic domains were used for self-assembly. The three

This journal is © The Royal Society of Chemistry 2015

different hydrophobic domains were the same as in the
assembly of the flat-top Janus cylinders: Co-1, Co-2, and
pBMA (Figure 2J). The bright-field images show that the
overall distribution of the 3D clusters of the convex-top Janus
cylinders formed through hydrophobic interactions (Figure 4C-
E). No interactions were observed during the self- assembly
experiment with the base cylinders as a control (Figure 4B, F).
The assembled 3D clusters were formed through tip-to-tip
interactions (localized contact areas) between the hydrophobic
domains of the convex-top geometry. The number of particles
in these 3D clusters was tuned depending on the hydrophobicity
of the top domains (Figure 4G-I). Small clusters were formed
by convex-top Janus cylinders with relatively less
hydrophobicity (Co-1, and Co-2), and large clusters with dense
packing were formed by convex-top Janus cylinders with the
strongest hydrophobicity (pBMA). The entire distribution of
these 3D clusters was quantitatively analyzed (Figure 4J). The
probability clearly showed that the number of particles in the
3D clusters was highly tunable by controlling the
hydrophobicity. For the Janus cylinders (Co-1) with relatively
weak hydrophobicity, dimers (N=2) and trimers (N=3) were
formed as the major clusters, whereas the majority of the
clusters formed by Janus cylinders (pBMA) with the strongest
hydrophobicity were pentamers (N=5) and highly complex

clusters (N >6). The total number of assembled clusters in

methanol representing assembly yield gradually increased with
the hydrophobicity of the domains because of the increase in
free energy of adhesion, as discussed in Table 2.

Soft Matter, 2015, 00, 1-3 | 7
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Base cylinder Convex-top Janus cylinder with eontrolied hydrophobicity

PHEMA:PEG (50:50) I pHEMA:PEG (50:50)

S

Probability (%)

Fig 4. 3D clusters formed by the convex-top Janus microcylinders with
controlled hydrophobicities. A) Schemes of self-assembly using
convex-top Janus microcylinders composed of three different
hydrophobic domains and a hydrophilic base cylinder (pHEMA:PEG =
50:50, v/v). B-E) Bright-field and F-I) fluorescence images of 3D-cluster
formation depending on the hydrophobicity of the convex-top Janus
microcylinders; B, F) Hydrophilic base cylinders as a control; C, G) Co-
1/pHEMA:PEG (50:50, v/v); D, H) Co-2/pHEMA:PEG (50:50, v/v), and E,
1) pBMA/pHEMA:PEG (50:50, v/v). Scale bars indicate 200 um for
bright-field images and 100 um for fluorescence images. J) Assembly
probability for each number of particles and K) Assembly yield
analyzed from the entire distribution of assembled clusters.

Compared to the flat-top Janus cylinders forming 2D clusters,
the convex-top Janus cylinders formed 3D with high packing
densities. This can likely be attributed to the combined effects
of geometry and chemical properties. The tip-to-tip interactions
provided a localized contact area that was much smaller than
that of the face-to-face interactions. Through this localized
contact, small clusters were initially formed. In this state, there
are still many remaining hydrophobic areas in the pre-formed
small clusters that can potentially interact with other individual
Janus cylinders. This environment favors continuous cluster
growth. The equilibrium states exhibited by the final assembled
clusters were determined by the hydrophobicity. For example,
pBMA was the most hydrophobic surface permitted the lowest
free energy of adhesion between the Janus cylinders, leading to
formation of 3D clusters with high packing density. For Co-1
and Co-2 (relatively weak hydrophobic interactions), formation
of small clusters, such as dimers or trimers, is
thermodynamically favorable and considered an equilibrium
state, even though hydrophobic areas remain.

Overall, the results described in Figure 4 indicate that the
final structure of the assembled clusters can be designed by
altering the geometry (convex) and chemistry (hydrophobicity)
of the Janus cylinders.

8 | Soft Matter, 2015, 00, 1-3

Conclusions

2D and 3D clusters of Janus microcylinders were tunable by
altering particle geometries and the degree of hydrophobicity/
hydrophilicity. Micromolding combined with iCVD formed
uniform Janus cylinders with tunable geometric and chemical
properties. Flat-top Janus cylinders formed 2D clusters, whose
self-assembly strongly depended on the hydrophobicity of the
top domains (interaction recognition site) and the hydrophilicity
of the base cylinders (interaction modulation site). Convex-top
Janus cylinders assembled into complex 3D clusters with
tunable numbers of particles, depending on the hydrophobicity
of the top domain. The geometry and chemical properties of the
Janus cylinders are important design factors for directional
assembly. The effects of geometry and surface chemistry on the
self-assembly of cylinders investigated in this work will further
the development of new microparticle assembly designs.
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