
Communication
Continuous Production of Functionalized
Polymer Particles Employing the Phase
Separation in Polymer Blend Filmsa
ChooJin Park, Dong Choon Hyun, Min-Cheol Lim, Su-Jeong Kim,
Young-Rok Kim, Hyun-Jong Paik, Unyong Jeong*
This study reports a continuous prepartion of spherical or hemispherical polymer particles
simply utilizing the phase separation in polymer blend films during the coating process. We
took an advantage of the strong phase separation between awater-soluble crystalline polymer
as amatrix and hydrophobic polymers asminor components.We demonstrated the prepartion
of water-soluble polystyrene (PS) particles, nitrilotriace-
tic acid (NTA)-functionalized PS particles for protein
separation, and semiconducting poly(3-hexylthiophene)
(P3HT) particles. The sizes of the particles could be con-
trolled by adjusting the film thickness and weight frac-
tion of the minor component polymers in the blend film.
It provides a simple facile way to prepare polymer
particles in a continous process.
Introduction

Polymer particles have been of great interest owing to their

diverse applications such as cosmetics, pharmaceutical

industries, food industries, paints, and toners in reprodu-

cing systems.[1] Enormous efforts have been devoted to

produce functional polymer particles in a large scale.
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Microemulsion polymerization and suspension polymer-

ization are conventional solution processes to prepare

polymeric particles with uniform size via in-situ polymer-

ization.[2] In spite of large quantity production, the

approach has a limitation in the polymer species available

as well as the existence of residual monomer in the

resultingparticles.Non-polymerizationmethodshavebeen

also investigated, including spray-drying,[3] coacerva-

tion,[4] porous glass emulsification,[5] and electrospray-

ing.[6] Preparation of diverse species of particles is allowed

through those approaches, but it is difficult to obtain

uniform-sized particles. Very recently, our group developed

an electrospraying process to generate uniform micro-

capsules,[7] but the size was limited to microscale. Polymer

particle preparation still needs a simple route to meet a

massive production, diverse species, and size control down

to nanometer scale.

It has been well known that immiscible polymer blends

experience phase separation when the polymer chains are

mobile under thermal annealing or solvent treatment.[8] A

minor component polymer evolves into spherical particles
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Figure 1. Schematic illustration describing the production of poly-
mer particles in the form of spheres or hemispheres. A mixture
solution of two polymers is dropped on a belt and bladed for
uniform thickness. During the solvent evaporation, the two
polymers are phase separated. The minor component polymer
separates into spherical particles in a thick matrix, while it
generates hemispheres in a thin matrix.
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in a major component matrix. The particle size is governed

by the chain mobility of the polymers, the volume fraction

of the minor component, and interfacial tension between

the polymers.[8] This study employed the polymer phase

separation in blend films during the drying process so that

we can achieve continuous production of relatively uni-

form-sized polymer particles. This new approach enabled

the preparation of various functional particles. As a proof-

of-concept, we prepared size-controlled polystyrene (PS)

particles, water-soluble PS particles, superparamagnetic PS

particles functionalizedwithnitrilotriacetic acid (NTA), and

poly(3-hexylthiophene) (P3HT) particles.
Experimental Section

Poly(ethylene oxide) (PEO,Mw ¼ 10 000 Da), two polystyrenes (PS)

with differentmolecularweight (Mw ¼11 000Da andMw ¼ 44 000

Da), and poly(3-hexylthiophene) (P3HT, Mw ¼ 87 000 Da,

regioregularity¼95%) were purchased from Aldrich. Superpar-

amagnetic iron oxidenanoparticles dispersed in toluene (EMG911)

were purchased from Ferrofluids. PS-b-PEO-b-PS triblockcopolymer

(19,400-b-10,000-b-19,400)waspurchased fromPolymer SienceCo.

PSwithanitrilotriaceticacid (NTA)endgroup(PS-NTA,Mw ¼ 16000

Da) was synthesized by atom transfer radical polymerization by

using N0N0-bis[(tert-butyloxycarbonyl)methyl]-N00-bromoisobu-

tyryl-L-lysine tert-butyl ester[9] as an initiator which was trans-

formed into NTA later.[10]

Mixture solution of PEO and PS were prepared in chloroform

(Mallinckrodt Baker, 99.9%) at a predetermined PS weight fraction

as a minor phase. Total concentration of the polymers was varied

from 0.4wt% to 8wt% in order to control the thickness of the

polymer blend films. The polymer solutions were drop-casted on a

rollingbelt throughasyringeandbladedtomakethefilmsuniform.

Afterdried inairat roomtemperature thePEOmatrixwasdissolved

by spraying water on the blend film or making the belt passing

through a water bath. Because evaporation rate of the solvent is

highlydependentonfilmthickness, spin-coatingwasused to study

the morphologies in thin blend films with high evaporation rate.

Spin-coating has been carried out at 3 000 rpm for 30 sec.

Crystallization of PEO was completed during spin-coating.

In order to produce water-soluble PS particles, PS-b-PEO-b-PS

triblock copolymer (0.01wt% in themixture solution)was added in

the PEO/PSmixture solution. P3HTparticleswere preparedat a low

weight fraction of P3HT versus PEO (fP3HT¼0.167). PS-NTA

particles including iron oxide nanoparticles were produced at

fPS-NTA¼0.25. The as-purchased iron oxide nanoparticle suspen-

sionwas completelydried invacuumandadded intoaPS-NTA/PEO

chloroform solution. Polymer was 4wt% and the magnetic

nanoparticle was 0.5wt% in the mixture solution. The produced

PS-NTAparticles could be dispersed inwater. For the preparationof

his-tagged green fluorescence protein (GFP), E-coli BL21 containing

pET28a-gfp was cultured for overexpression of GFP. We followed

the reported process.[10]

The polymer particles were observed by a field emission

scanning electron microscopy (FE-SEM, S-4200, Hitachi) and a

transmission electron microscopy (TEM, 2100F, Jeol). Photolumi-
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nescence of the P3HT particles was obtained by a fluorescence

spectrophotometer (Varian, Cary Eclipse).
Results and Discussion

Figure 1 illustrates the continuous process to produce

polymeric particles by employing the in-situ phase

separation in a polymer blend film during the drying

process.Amixturesolutionof twopolymerswascastedona

rolling belt. The thickness of the blend film was controlled

by a blade.When the two polymers were incompatible, the

minor component polymer should be phase separated into

droplets in a matrix of the major component polymer. A

water-soluble crystalline polymer was an appropriate

matrix polymer for this approach because the crystal-

lization strongly repels the minor component polymers.

Once the crystallization started, the solidified crystallites

played as a physical block restricting translation of the

small domains even when considerable amount of solvent

still remained in the mixture film. Such physical entrap-

ment led to relatively uniform-sized particles. Removing

thematrix could produce particles of theminor component

polymer. The shape of the particles was dependent on the

thickness of the polymer blend. When the blend was thick

enough for multiple stacking of the particles, spherical

particles were embedded in the matrix polymer. For thin

blend films that cannot accommodate one or two layers of

the particles, hemispherical particles were prepared. The

hemispherical shape was readily obtained with hydro-

phobic polymers as a minor component because the

polymers are selectively located at the air surface. We

often observed hemispherical particles at the top surface of

thick films as well.

As a model system, we first employed the phase

separation between PS (Mw ¼ 11 000 Da) and PEO

(Mw ¼ 10 000 Da). The two polymers have been known to

be strongly immiscible each other.[8] Figure 2A,B show the

PSparticles obtained froma thickfilmof thepolymerblend.

The same volume of PEO solution (3wt%) and PS solution
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Figure 3. (A) Diameter change of the spherical PS particles by
changing thickness of the blend films. The hollow symbols were
obtained from thin films prepared by spin-coating. The fast
solvent evaporation produced spherical particles. The solid sym-
bols obtained from thick films prepared by drop casting. (B) Effect
of PS weight fraction (fPS) in the blend film on the spherical
particle size. The films were prepared by spin-coating with a fixed
thickness (�600nm). PS with a higher molecular weight (44k)
produced larger particles than PS with a lower molecular weight
(11k) did.

Figure 2. (A,B) SEM images of a thick mixture film consisting of
polystyrene (PS) and poly(ethylene oxide) (PEO). The film was
made by drop casting. (A) Spherical PS particles are embedded in
the thick PEOmatrix film. (B) PS particles obtained bywashing the
PEO matrix with water. (C,D) SEM images of a thin mixture film
(approximately 3mm) consisting of PS and PEO. The film was
made by drop casting. (C) Theminor component (PS) was exposed
to air, giving lotus leaf-like features from top view. (D) PS
hemispherical particles collected by washing the PEOmatrix with
water. The insets are blow-up images.
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(1wt%) in chloroformweremixed and themixture solution

was dropped on the substrate. Afterwaiting for 10min, the

dense solution was bladed for uniform film thickness. The

solvent was allowed to evaporate in air. As the solvent

evaporated, the solubility of polymers decreased and PEO

started to be crystallized. The phase-separated PS chains

evolved to small domains in the PEO crystalline matrix.

Figure 2A shows the PS spheres embedded in the PEO

matrix, observed through a crack in themixture film. After

washing out the PEO matrix with water, PS particles with

relatively uniform size could be retrieved (Figure 2B). The

average diameter of the particles was 218� 43nm. When

the polymer film was thin and slowly evaporated,

hemispherical PS particles were obtained. The film was

prepared by drop-casting a diluted polymer solution at

the same weight fraction of PS versus PEO (fPS¼ 0.25). The

hydrophobic PS chains moved to the surface due to the

lower surface energy and maintained a flat topology,

therebyhemispheresweregenerated. Thetopviewof thePS

domains in Figure 2C looks like a collection of lotus leaves.

The inset image clearly shows the flat top surface of the

particles. Figure 2D is the hemispherical PS particles

collected on a Si wafer after dissolving the PEO matrix.

The inset clearly verifies the hemispherical shape of the

particles. Because the solvent continuously moved to the

surface during the evaporation process, the movement of

the PS chains at the air surface should be much easier
www.MaterialsViews.com
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relative to those inside a thick film, which led to large

particles with broad size distribution. It is noticeable that a

blend pair with a weak interfacial tension such as PEO/

PMMA led to a bicontinuous film, producing porous PMMA

after removing the PEO (see Figure S1 in the Supporting

Information).

Size of the particles should be affected by several factors

suchasevaporationrateof thesolvent, thicknessof thefilm,

mixing ratio between the polymers, and molecular weight

of the polymers. Unfortunately, solvent evaporation and

film thickness are not independently controllable because

overall evaporation is faster in thinfilms.Dropcasting inair

is a slow evaporation process producing relatively thick

films. Extreme opposite case is a thin film generated by

spin-coating. The size of the resultant particles must be

between those prepared by the two extreme cases.

Figure 3A exhibits the dependence of the particle size on

the thickness of the spin-coated films. The weight fraction

of PSwas fixed atfPS¼ 0.25. The solid circles and thehollow

circles in Figure 3A indicate diameters of the particles
2011, 32, 1247–1252
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Figure 4. TEM and camera images of various particles prepared by
the phase separation in polymer blend films. (A–C) Water-soluble
PS particles obtained from the phase separation of PS in a thick
PEO film containing small amount of PS-b-PEO-b-PS triblock
copolymer. (D–F) Superparamagnetic particles of nitrilotriacetic
acid (NTA) end-functionalized PS produced from the phase sep-
aration in a thick PEO matrix including iron oxide nanoparticles.
The magnetic nanoparticles were selectively deposited on the
surface of the PS particles. The NTA surface groups were utilized
to purifiy histidine-tagged green fluorescence proteins (GFPs).
(G) Poly(3-hexylthiophene) (P3HT) particles prepared in a thick
PEO film. Their size could be controlled by adjusting the thickness
of the films. (H) The emission spectrum of P3HT particles upon
excitation at 390nm.
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obtained by drop-casting and spin-coating, respectively.

Slow evaporation produced bigger particles than fast

evaporation. Hemispherical particles were not observed

in spin-coated thin films,which is contrast to the thin films

with slow evaporation exhibited in Figure 2C. This

difference is attributed to the fast crystallization of PEO

chains in the spin-coated films, which restricts the move-

ment of PS chains to the air surface. The diameter of the PS

particles decreased as the film thicknesswas reduced in the

spin-coated films. 700 nm-thick films produced particles of

130nm, while 80 nm-thick films generated particles of

�50nm in diameter. Interestingly, 23 nm-thick films gave

particles of 42nm. This size is considered as the minimum

achievable with the PEO(10K)/PS(11K) pair. Figure 3B

exhibits the dependence of particle size on weight fraction

of PS. Themixture filmswere prepared by spin-coating and

their thicknesswasfixed at�600nm. Theparticle diameter

was linearly proportional to the weight fraction of PS. At

fPS> 0.5, the PS formed a continuous phase instead of

separated particles. Another variable for the particle

formation is the molecular weight of the polymers. As

seen in Figure 3B, PS (44K) produced much larger particles

than PS (11K) did at the same weight fraction of PS. The

increased segregation power with the larger-molecular-

weight PS is considered to cause early phase separation so

that larger particles can be generated.

Thesizeof thesphericaldomains in thepolymer-polymer

melt blends in bulk under mechanical mixing has been

long-time studied. The size distribution from the melt

blending was relatively broad, typically with more than

20% standard deviation. The poor uniformity is caused by

the coalescence of the particles generated from the

elongated minor phase. In contrast, the precipitation of

polymers from a solution can give uniform-sized particles

in the presence of a surfactant. The system in this study is a

combination of the phase separation froma bulk blend and

precipitation froma solution. The particles obtained by this

approach usually showed �10% standard deviation which

is poor relative to the well-known batch-type procedures.

We consider that the use of low-molecular-weight surfac-

tants or adjusting the rate of solvent evaporation and

matrix crystallization may improve the size uniformity,

which is left for future study in an optimized setup.

Because industrial polymers can be used in this

approach, instead of expensive monomers, the process

can be cheap. The use of pre-synthesized polymers allows

production of particles that are not obtainable in the batch-

type solution processes. In addition, the process can

minimize the possible existence of small molecules in the

particles which is problematic in the particles produced

frommonomers. Figure 4 demonstrates a few applications

from the approach described above. Since the PS particles

produced above contained no surfactant, they could not be

dispersed in aqueous solvents.We added a small amount of
Macromol. Rapid Commun.
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PEO-b-PS-b-PEO triblock copolymer (0.25wt% versus the

total polymer) to the mixture solution of PS and PEO.

Figure 4A-C exhibit the water-soluble PS particles obtained

after drop-casting the mixture film, followed by dissolving

thePEOmatrix.As shown in theSEMimage inFigure4A, the

retrieved particles had a rough surface. The TEM image in

Figure 4B indicates the triblock copolymer chains played as

a compatibilizer at the PS/PEO interface. The reduced

interfacial tension increased the thickness of the PS/PEO

interface during the phase separation, resulting in the

rough surface on the PS particles. Owing to the hydrophilic

PEO block of the triblock copolymer, the particles obtained

were well suspended in water as seen in Figure 4C.

The same approach was utilized to prepare PS particles

functionalized with nitrilotriacetic acid (NTA). A NTA-end

functionalized PS was mixed with PEO and hydrophobic
2011, 32, 1247–1252
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iron oxide nanoparticles were added in the polymer blend

solution (see Figure S2 in the Supporting Information). The

total magnetic particles were 10wt% versus PS. The

samples were made by drop-casting, followed by drying

in air. During the crystallization of the PEO phase, the iron

oxide nanoparticles moved to the solvent-rich PS phase.

Majority of the nanoparticles were found at the surface of

the PS particles (Figure 4D). The NTA functional group has

been well studied for their capability to form Ni complex

that can bind histidine groups of biomolecules.[11] Intro-

duction of imidazole can replace theNi-histidine binding so

that the biomolecules can be released from the NTA group.

We utilized the NTA-functionalized PS particles to purify

histidine-tagged green fluorescent proteins (GFP). Because

it is difficult to avoid nonspecific bindings of other proteins,

we had treated the PS-NTA particles with bovine serum

albumin (BSA) to block the non-specific bindings before the

his-tagged proteins were introduced. The blocking process

has been known as a general way of minimizing the non-

specific binding of proteins to the surface. The fluorescent

image in the inset of Figure 4E illustrates that GFP were

successfully attached to the particle surface. The particles

were quickly collected by a handy magnet thanks to the

large amount of iron oxide nanoparticles loaded in the PS

particles (Figure 4F). After decanting the solution and

washing the particles with pure water, introduction of

small amount of imidazole removed any fluorescence,

which means that most GFP were eluted from the particle

surface.

We tested the concept to prepare spherical particles of

P3HT that are useful for optoelectronic applications.[12] A

mixture solution of P3HT and PEO in chloroform with

fP3HT¼ 0.14 was spin-coated. Figure 4G shows the P3HT

particles retrieved from 130 nm-thick films. Figure 4H

exhibits a luminescence peak from the particles at 390nm

excitation,which is typical in P3HTnanoparticles.[12]When

the weight fraction of P3HT was higher, each particle

possessed long tails (see Figure S3 in the supporting

information).

Discussion on the possibility of the process for practical

production pathway is valuable. Because it is a continuous

process, the overall production time is determined by the

evaporation rateof thesolventwhich is theslowestprocess.

The evaporation is slow for a diluted solution or thick films.

In this study, the solventwas allowed to evaporate inair. As

a typical process with a 3wt% solution for a 20mm-thick

blendfilm,wewaited for10minafterdropping the solution

on the belt tomake the solution concentrated, and then the

solution was slowly bladed. The time required for the

coating and drying was about 20min. If we use a

concentrated solution, the coating time can be shortened.

The produced amounts are directly proportional to the film

thickness and dimension of the belt. If the film is about

20mm-thick and the fraction of PS is 25wt% in the PEO
www.MaterialsViews.com
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matrix, 1m2 area (1m � 1m) can produce 4.5 g of PS

particles. When the rolling speed of the belt is 0.1m/min,

the process will produce 4.5 g/10min, which is 27 g/h. Air

convection during the coating process can greatly enhance

the evaporation rate, thus film thickness can be increased,

which will effectively facilitate the production in large

quantity. For example, a 1mm-thick blend film with a

rolling speed of 1m/min will produce 15 kg/h. The costs

from this approach should be cheap, because the process

needs industrial polymers instead of expensivemonomers.

Most of all, the continuous process can guarantee the

quality control of the particles in their size.
Conclusion

This study proposed a novel simple way to produce

spherical or hemispherical polymer particles. We utilized

the phase separation in a polymer blend consitsting of

a water-soluble crystalline polymer as a matrix and a

hydrophobic polymer as a minor component. The crystal-

lization-induced phase separation during the drying

process led to isolated hydrophobic particles embeded in

thematrix. Cycles of coating-evaporation-washing process

enabled continous production of functional particles. As

proof-of-concept examples, we demonstrated the prepar-

tion of several functional particles of polystyrene (PS) and

poly(3-hexylthiophene) (P3HT) in forms of spheres or

hemisphere. The size of the particles could be controlled

by adjusting the thickness of the films aswell as theweight

fraction of theminor polymer versus thematrix polymer. It

provides a general facileway to prepare relatively uniform-

sized polymer particles via a simple continous process.
Acknowledgements: This work was supported in part by the
DAPA & ADD and by the National Research Foundation (NRF)
grant funded by the Korea Government (MEST) through the Active
Polymer Center Pattern Integration (No. R11-2007-050-01004-0)
and World Class University (R32-20031).

Received: March 28, 2011; Revised: April 21, 2011; Published
online: June 3, 2011; DOI: 10.1002/marc.201100199

Keywords: phase separation; polymer blend; polymer film;
polymer particles; coating
[1] For an extensive review, see: Functional Coatings by Polymer
Microencapsulation, S. K. Ghosh, (Ed., Wiley-VCH, Weinheim,
Germany 2006.

[2] [2a] R. J. Arshady, Microencapsulation 1989, 6, 13; [2b] P. G.
Shukla, S. J. Sivaam, Microencapsulation 1999, 16, 517;
[2c] L. S. Ramanathan, S. Sivaram, U.S. Patent 6022930, 2000.
2011, 32, 1247–1252

H & Co. KGaA, Weinheim
1251



1252

www.mrc-journal.de

C. J. Park et al.
[3] Y. Ninomiya, C. Komamura, Y. Musa, German Patent
DE 3417200, 1985, (CA 103:100429).

[4] A. R. Bachtsi, C. J. Kiparissides, J. Control. Release 1996, 38, 49.
[5] G. H. Ma, Z. G. Su, S. Omi, D. Sundberg, J. Stubbs, J. Colloid

Interface Sci. 2003, 266, 282.
[6] [6a] A. Jaworek, Powder Tech. 2007, 176, 18; [6b] X. Xu,

G. Friedman, K. D. Humfeld, S. A. Majetich, S. A. Asher, Chem.
Mater.2002, 14, 1249; [6c] C. Graf, D. L. J. Vossen, A. Imhof, A. van
Blasderen, Langmuir 2003, 19, 6693; [6d] F. Yang, R. Murugan,
S. Wang, R. Ramakrishna, Biomaterials 2005, 26, 2603.

[7] [7a] Y. K. Hwang, U. Jeong, E. C. Cho, Langmuir 2008, 24, 2446;
[7b] C. Park, Y. K. Hwang, D. C. Hyun, U. Jeong, Macromol.
Rapid Comm. 2010, 31, 1713.
Macromol. Rapid Commun.

� 2011 WILEY-VCH Verlag Gmb
[8] L. M. Robeson, Polymer Blends: A Comprehensive Review,
Hanser Gardner Pub, München, Germany 2007.

[9] Y.-Y. Luk, M. L. Tingey, D. J. Hall, B. A. Israel, C. J. Murphy, P. J.
Bertics, N. L. Abbott, Langmuir 2003, 19, 1671.

[10] E. Jo, M.-C. Lim, H.-N. Kim, H.-J. Paik, Y.-R. Kim, U. Jeong,
J. Polym. Sci. B, 2011, 49, 89.

[11] [11a] E. Hochuli, W. Bannwarth, H. Dobeli, R. Gentz, D. Stuber,
Nature Biotech. 1988, 6, 1321; [11b] P. N. Hengen, Trends
Biochem. Sci. 1995, 20, 285.

[12] [12a] S. Frank, P. Poncharal, Z. L. Wang, W. A. Heer, Science.
1998, 280, 1744; [12b] M.-C. Wu, H.-C. Liao, Y. Chou, C.-P. Hsu,
W.-C. Yen, C.-M. Chuang, Y.-Y. Lin, C.-W. Chen, Y.-F. Chen,W.-F.
Su, J. Phys. Chem. B, 2010, 114, 10281.
2011, 32, 1247–1252

H & Co. KGaA, Weinheim www.MaterialsViews.com


