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ABSTRACT: Syntheses of macroporous polymer particles under certain conditions produce microbeads with a
smooth nonporous “skin” layer. This effect limits the applications of porous microbeads by preventing solute
molecules to permeate the dense particle surface and reach particle’s porous interior. This paper reports a
straightforward method thatswithout the adjustment of the composition of microbeadsscan be used to suppress
the formation of the “skin” on the surface of macroporous polymer particles. The approach presented as a solubility
parameter-interfacial tension “map” paves the way to the selection of a broader range of porogen solvents and
hence better rationalization of the composition of the monomer mixtures used in the synthesis of macroporous
particles.

1. Introduction

Macroporous polymer resins are a class of materials with a
permanent well-defined structure comprising pores in the size
range from 10 to 10 000 Å.1,2 Macroporous polymers have a
broad range of applications including their use as ion exchange
resins and sorbents,1,2 catalyst supports,3,4 materials for bio-
medical applications,5-7 and stationary phases for HPLC.2,8

Macroporous polymer resins are exploited either as macroscopic
materials (monoliths)9-11 or as porous polymer beads12 which
are typically produced by suspension polymerization1-3 and seed
emulsion polymerization.13,14

One of the most common strategies used for the preparation of
macroporous resins exploits free-radical copolymerization of
monomers with multifunctional cross-linking agents in the presence
of an inert diluent (a porogen solvent).1-3 Since the monomer
mixture is miscible with the porogen solvent, but the polymer
is not, the polymerization process leads to the phase separation
between the polymer and the solvent. Removing a porogen from
the system yields a network of pores. The formation of
macroporous resins may occur via two mechanisms which differ
according to the time at which phase separation takes place,
with respect to the gel point.1 In �-induced syneresis, phase
separation in the reaction system occurs before the gel point.
With increasing conversion of monomer to polymer, intramo-
lecularly cross-linked particles (nuclei) agglomerate into larger
clusters, which ultimately form a polymer network. At the end
of the polymerization, the system consists of two phases: a
polymer and a liquid porogen comprising a small amount of an
unreacted monomer. Here � is the polymer-solvent interaction
parameter, which reflects the difference between the solubility
parameters of the polymer and the porogen.1,15 The larger the
value of �, the larger is the extent of phase separation between
the porogen solvent and the polymer and hence the larger are
the pores.1,16,17 Formation of macroporous resins via ν-induced
syneresis is favored by the use of better quality porogen solvents
(than those used in �-induced syneresis) and a high concentration
of the cross-linker (ν refers to the degree of cross-linking of
the polymer).1,15 During the process of phase separation, either

small microgel particles are formed in the continuous liquid
phase (macrosyneresis) or small droplets form within the gel
(microsyneresis). In either case, phase separation occurs during
the formation of a gel, which yields smaller polymer agglomer-
ates and hence higher specific surface area of the macroporous
materials than that generated by �-induced syneresis.1

A serious problem in the preparation of macroporous resins
and polymer particles, in particular, is the formation of the
“skin”sa thin dense surface layer with very scarce and small
pores, if any. The skinning effect limits the applications of
macroporous particles, since it allows only a limited number
of molecules to permeate the particle surface and reach the
interior of the microbeads.18 The formation of the “skin” on
the surface of macroporous particles was reported by several
research groups.4,20-25 Ford et al. synthesized macroporous
copolymer beads by copolymerizing styrene, (chloromethyl)
styrene, and divinylbenzene dissolved in 4-methyl-2-pentanol.4

The authors showed that the formation of the smooth polymer
“skin” with occasional small pores was favored by increasing
concentration of the cross-linking agent; however, they provided
no explanation for this phenomenon. Pelzbauer et al.24 reported
the formation of a dense layer of microglobules on the surface
ofpoly(glycidylmethacrylate-ethylenedimethacrylate)macroporous
particles when cyclohexanol or cyclohexanol-dodecanol po-
rogen solvents were used.20-24 Small pores on the surface of
the particles originated from either the voids between the close-
packed microglobules or the removal of low-molecular-weight
molecules after extracting the porogen. In the interior of
particles, polymer globules had the same size as on the
microbead surface; however, they exhibited a more sparse
packing. The authors ascribed the formation of the dense surface
layer to the compressive action of interfacial tension between
the polymer and the continuous aqueous phase. The formation
of the “skin” was suppressed by tuning the composition of the
monomer mixture, that is, by decreasing the concentration of
the cross-linking agent, by increasing the concentration of the
porogen solvent in the monomer mixture, and by reducing the
content of dodecanol (poor solvent) in the porogen liq-
uid.19,20,22-24

Variation in the composition of the monomer mixture
affects both the surface and the internal structure of
macroporous particles. For example, a decrease in the
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concentration of the cross-linking agent results in a coarser
globular structure of the macroporous polymers and yields a
polymer with a smaller specific surface area.20 Therefore,
the next-step optimization of the formulation may be required,
in order to fine-tune the distribution of pore sizes in the
ultimate material. A more attractive approach would exploit
the modification of the continuous phase, which would allow
one to suppress the formation of the “skin” without losing
control of the internal structure of the particles. To the best
of our knowledge, this approach has not yet been reported.

In the present work, we used two methods to suppress the
formation of the “skin” layer on the surface of macroporous
particles. We hypothesized that the formation of the “skin”
occurs due to competitive interactions of the polymer and
monomer-solvent phases with a continuous phase. When the
value of interfacial tension, γ12, between the continuous phase
and the monomer-solvent phase is substantially higher than
γ12 between the polymer and the continuous phase, the interface
is deprived of the monomer-solvent mixture, which is squeezed
out to the particle interior. Therefore, in an aqueous continuous
phase, the utilization of strongly nonpolar porogens would favor
the formation of the “skin”.24,26,27 For slowly polymerizing
systems, the compressive action of the interfacial tension
between the forming polymer and the continuous aqueous phase
may provide an additional factor in the formation of
“skin”.19,20,22-24

We suppressed the formation of the “skin” on the surface of
poly(glycidyl methacrylate-ethylene dimethacrylate) (poly-
(GMA-EGDMA)) particles by reducing the value of γ12

between the monomer mixture and the continuous aqueous phase
in two ways: (i) by introducing a surfactant in the continuous
phase and (ii) by adjusting the polarity of the continuous aqueous
phase. We note that in our previous work on the microfluidic
synthesis of macroporous particles17 the formation of the “skin”
on the surface of microbeads was not prominent; however, a
scaled-up multihour polymerization process revealed that a
fraction of the particles synthesized using dioctyl phthalate and
diisodecyl phthalate had a smooth “skinned” surface.

We demonstrated the feasibility of our approaches by using
semicontinuous microfluidic photopolymerization of macroporous
polymer particles. Microfluidic synthesis not only allows highly
reproducible production of particles with precisely controlled
dimensions28-30 but also yields microbeads with enhanced
control of their internal structure.17,30

For the system studied, we report the critical values of
solubility parameters of the porogen solvents and the values of
γ12 that favor the formation of the skin. As a result of our work,
we present a “map” plotted in the interfacial tension-solubility
parameter space, which provides guidance to the synthesis of
“skin”-free macroporous particles.

2. Experimental Section

Materials. Monomers glycidyl methacrylate (GMA) and ethylene
glycol dimethacrylate (EGDMA), photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA), a stabilizer poly(vinyl alcohol)
(PVA, Sigma-Aldrich, 87-89% hydrolyzed, Mw ) 13 000-23 000),
surfactants Triton X-100, 1-decanesulfonic acid, sodium salt 98%,
and sodium dodecyl sulfate (SDS), tetrahydrofuran (THF), and the
porogens diethyl phthalate, diisobutyl phthalate, dioctyl phthalate,
and diisodecyl phthalate were purchased from Aldrich Canada and
used as received. The surfactant Aerosol MA 80-I was supplied
by Cytec Industries Inc. Photoresist SU-8 was purchased from
MicroChem. Prepolymer Sylgard 184 Silicon Elastomer kit was
received from Dow Corning Corp. Polyethylene tubing was
purchased from Becton Dickinson.

Solubility Parameters of Porogen Solvents. We used diethyl
phthalate (DEP), diisobutyl phthalate (DBP), dioctyl phthalate
(DOP), diisodecyl phthalate (DDP), and mixtures of DBP and DOP

as porogen solvents. Table 1 shows the values of solubility
parameters of the porogens, comonomers GMA and EGDMA, and
poly(GMA-EGDMA). For DBP and DOP mixed in volumetric
ratios of 3:1, 1:1, and 1:3, respectively, the solubility parameter,
δmix, was determined as δmix ) �DBPδDBP + �DOPδDOP,27 where δDBP

and δDOP are the solubility parameters and �DBP and �DOP are the
volume fractions of DBP and DOP, respectively.

Measurement of Interfacial Tension. The value of interfacial
tension, γ12, between the continuous aqueous phase and the
monomer phase (a mixture of GMA, EGDMA, a porogen solvent,
and a photoinitiator DMPA) was determined by the pendant droplet
method using a tensiometer (DSA100, Kruss). A droplet of the
monomer-porogen mixture used in the synthesis of particles was
immersed into the 2.5 wt % aqueous solution of PVA containing
various concentrations of surfactants or THF.

Microfluidic Synthesis. A microfluidic reactor for the synthesis
of macroporous particles was fabricated in poly(dimethylsiloxane)
by the soft-lithography method.33 A mixture containing 27 vol %
GMA, 18 vol % EGDMA, and 55 vol % of the porogen solvent
(later in the text referred to as a “monomer mixture”) was emulsified
in the microfluidic flow-focusing droplet generator.34 The flow rate
of the monomer mixture and the continuous phase were 0.3 and
6.0 mL/h, respectively. A photoinitiator DMPA was introduced in
this mixture to the concentration of 1 wt % (based on the total
content of monomers). To initiate photopolymerization of the
monomers, droplets of the monomer mixture flowing through the
downstream channel were exposed to UV-irradiation (I ) 6 mW/
cm2, Bluepoint 3, Hohle UV Technology) for ca. 60 s. The design
of the microfluidic reactor comprising an emulsification and a
polymerization compartments is described elsewhere.17 The reactor
was placed into the cooling water bath at a temperature of 12 °C.
The distance between the UV source and the microfluidic reactor
was ca. 10 cm. Following on-chip polymerization, the particles were
transferred into the 250 mL glass stirred reactor and postpolymer-
ized under UV-irradiation for another 180 s (I ) 200 mW/cm2,
Hohle UV Technology). The distance between the UV source and
the glass reactor was ca. 5 cm. Following postpolymerization, the
porogen liquids were removed by washing the microbeads in
methanol and acetone. By imaging polymer particles before and
after postpolymerization, we ensured that the structure of particles
was controlled by their on-chip polymerization in the microfluidic
reactor and that postpolymerization did not change their surface
structure.

Particle Characterization. The surface morphology and the
internal structure of macroporous poly(GMA-EGDMA) particles
were examined by scanning electron microscopy (Hitachi S-5200)
at the accelerating voltage of 1 kV. A droplet of the dispersion of
particles in methanol was placed onto the glass slide and allowed
to dry. The dry sample particles were attached to the aluminum
sample holder using a graphite conductive adhesive (EMS). In order
to image the internal structure of the macroporous particles, they
were frozen in liquid nitrogen and microtomed with a glass knife.

The average size of globules and pores on the surface of the
macroporous particles was obtained by image analysis software
Image Tool (The University of Texas, San Antonio) and was based
on the analysis of 50 particles.

Table 1. Solubility Parameters of the Porogen Solvents, the
Comonomers, and the Corresponding Polymer

chemicals solubility parameter, (MPa)1/2

DEP 20.527

DBP 19.027

DBP/DOP 3:1 (v/v) 18.3
DBP/DOP 1:1 (v/v) 17.6
DBP/DOP 1:3 (v/v) 16.9
DOP 16.227

DDP 14.727

GMA 18.231

EGDMA 18.232

poly(GMA-co-EGDMA) 24.017

Macromolecules, Vol. 42, No. 6, 2009 Macroporous Copolymer Particles 1991



3. Results and Discussion

Figure 1 shows the internal structure of the macroporous
particles synthesized by copolymerizing GMA and EGDMA
in the presence of various porogen liquids and their mixtures.
With reducing values of solubility parameters of the porogens
(that is, with increasing difference between the solubility
parameters of the porogens and poly(GMA-EGDMA) (see
Table 1)), the size of pores in the particles increased. Particles
derived from the droplets comprising DEP, DBP, and DBP/
DOP 3:1 (v/v) (the value of δ above 17.6 MPa1/2) had noticeably
smaller pores than other microbeads, presumably due to the
dominant role of ν-induced syneresis.1,15 For the particles
synthesized in the presence of DBP/DOP 1:1 (v/v), DOP, and
DDP, �-induced syneresis was most probably the mechanism
of pore formation.1,15 Phase separation occurring before the gel
point facilitated the formation of large polymer clusters and the
formation of a structure with a larger size of pores.1

Figure 2 shows representative SEM images of the surfaces
of polymer particles shown in Figure 1. The particles featured
two types of surface morphologies. The microbeads generated
from the monomer mixture comprising DEP, DBP, and DBP/
DOP 3:1 (v/v) had a porous surface structure (Figure 2a-c).
Based on the image analysis, the size of pores was ca. 60-114
nm. In contrast, particles synthesized from the monomer mixture
containing DBP/DOP 1:1 (v/v), DOP, and DDP featured a
smooth surface (Figure 2d-f). The surface of the particles
synthesized with DDP (Figure 2f) had a “flaky” structure with
tiny pores of ca. 90 nm.

Figure 3 allows SEM images of an individual porous particle
coated with a “skin”, which was synthesized using a DBP/DOP
1:1 (v/v) mixture as a porogen. The surface of the particle was
covered with a 1-2 µm thick smooth layer of the polymer;

however, the interior of the particle featured a well-defined
porous structure (Figure 3b).

To examine the relation between the surface and the bulk
structure of polymer particles, we examined the variation in the
interfacial tension between continuous aqueous phase and
monomer mixtures containing different porogens (and, hence,
possessing different solubility parameters). In Figure 4, the value
of γ12 reduced from ca. 7.5 mN/m (for the monomer mixture
comprising DDP) to ca. 1.5 mN/m (for the mixture of monomers
with DEP), featuring an inflection in the trend for δ > 18 MPa1/2.
This graph presents a “map” plotted in the γ12-δ space and
provides guidance to the synthesis of “skin”-free particles. The
vertical dashed line gives the threshold value of δ for the
porogens used in the synthesis of porous poly(GMA-EGDMA)
particles in the continuous aqueous phase. More importantly,
the horizontal dashed line shows that particles with a porous
surface structure are synthesized when the value of γ12 between
the monomer mixture and an aqueous continuous phase is below
ca. 3.5 mN/m.

Figure 1. Typical SEM images of the internal structure of macroporous poly(GMA-EGDMA) particles, synthesized in the presence of (a) DEP,
(b) DBP, (c) DBP/DOP 3:1 (v/v), (d) DBP/DOP 1:1 (v/v), (e) DOP, and (f) DDP.

Figure 2. SEM images of the surface of poly(GMA-co-EGDMA) macroporous particles, synthesized from the monomer mixture in the presence
of (a) DEP, (b) DBP, (c) DBP/DOP 3:1 (v/v), (d) DBP/DOP 1:1 (v/v), (e) DOP, and (f) DDP.

Figure 3. SEM images of the macroporous poly(GMA-EGDMA)
particle, synthesized in the presence of DBP/DOP 1:1 (v/v) porogen:
(a) an individual microsphere; (b) a zoomed-in image of the surface of
the particles beneath the “skin”.
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On the basis of the results shown in Figures 1-4, we conclude
that while the variation in solubility parameters of the porogens
can be used to control the internal porous structure of polymer
particles, the formation of the “skin” does not allow the
exploitation of porogen solvents with relatively low solubility
parameters.

We addressed this challenge by reducing the value of
interfacial tension between the continuous phase and the
monomer mixture. In contrast to the approaches developed by
other groups,4,19-21,24 we did not change the composition of
monomer mixture and varied the composition of the continuous
phase only. As an exemplary system, we used the monomer
mixture containing DOP, the porogen solvent with a low value
of δ and thus one of the least favorable for the formation of
particles with a porous surface structure.

In the first series of experiments, we reduced the value of
interfacial tension between the monomer mixture and the
continuous phase (a 2.5 wt % aqueous solution of PVA) by
adding a surfactant into the continuous phase. Among the range
of surfactants studied, including Triton X-100, 1-decanesulfonic
acid, sodium dodecyl sulfate, and Aerosol MA 80-I, Triton
X-100 provided the strongest reduction in γ12, and hence it was
chosen for further studies.

Figure 5 shows the variation in γ12 between the droplet of
monomer-DOP mixture and the 2.5 wt % aqueous solution of
PVA, containing different amounts of Triton X-100. As
expected, the value of γ12 decreased with increasing concentra-

tion of the surfactant, Csurf, with a particularly strong reduction
occurring at 0.5 wt % e Csurf e 1.0 wt %. For Csurf g 1, the
value of γ12 of ca. 3.0 mN/m leveled off. Two important features
follow from Figure 5. First, the value of Csurf ≈ 1.0 wt %
substantially exceeded the critical concentration of micellization
of Triton X-100 in water of 0.015 wt %,35 which suggested
strong interactions between Triton X-100 and PVA. Second,
the value of γ12 of ca. 3.0 mN/m was very close to the threshold
value of interfacial tension at which the particles with a porous
surface were formed (Figure 2c).

To utilize the second feature in the synthesis of macroporous
particles, we emulsified a mixture of comonomers with DOP
in the continuous aqueous phase containing 2.5 wt % of PVA
and Triton X-100 at the concentration 0.5 or 1.0 wt %. Figure
6 shows that at Csurf ) 1 wt % the particles had a well-defined
porous surface structure. The surface featured close-packed
polymer microglobules with dimensions from 100 to 300 nm
and the mean size of pores of ca. 200 nm (Figure 6c). This
surface morphology was similar to the internal morphology of
the macroporous particles synthesized with DOP in the absence
of Triton X-100 (Figure 1e). In contrast, the particles synthesized
at Csurf ) 0.5 wt % had a smooth surface, analogous to that of
the particles prepared without the surfactant (Figure 6b,d).

Our hypothesis was further tested in the second series of
experiments in which the value of interfacial tension between
the monomer mixture and the continuous phase was reduced
by mixing a 2.5 wt % aqueous solution of PVA with tetrahy-
drofuran (THF), that is, by decreasing the polarity of the
continuous phase. The threshold value of γ12 of ca. 3.0 mN/m
was obtained by introducing THF in the aqueous solution in
the 22:78 (v/v) ratio. Since THF swells PDMS used for the
fabrication of the reactor,36 only emulsification was conducted
in the microfluidic droplet generator, whereas photopolymeri-
zation of the monomer mixture was carried out in the stirred
glass flask. Figure 7 shows that particles synthesized in the
THF-water continuous phase had a well-defined porous surface
structure. The surface featured close-packed microglobules with
dimensions from 50 to 100 nm and the size of pores in the
range from ca. 50 to 80 nm (Figure 7b). The smaller size of
globules than in experiments using the surfactant Triton X-100
was presumably caused by partial dissolution of the monomer

Figure 4. Variation in interfacial tension, γ12, between the 2.5 wt %
aqueous solution of PVA (the carier phase) and the monomer phase
comprising different porogen solvents, plotted as a function of the
solubility parameter of the porogens.

Figure 5. Variation in interfacial tension, γ12, between the monomer
mixture comprising GMA, EGDMA, and DOP and an aqueous solution
of 2.5 wt % of PVA and Triton X-100, plotted versus the concentration
of Triton X-100, Csurf.

Figure 6. Typical SEM images of poly(GMA-EGDMA) particles
synthesized in the presence of DOP porogen in the continuous phase
comprising 2.5 wt % PVA and Triton X-100 at concentration 1 wt %
(a, c) and 0.5 wt % (b, d). Images (a, b) show individual microspheres.
Images (c, d) show a detailed surface morphology of the macroporous
particles under high magnification.
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mixture in THF-water solvent; nevertheless, we believe that
on the time scale of experiments the suppressed “skinning” was
caused by the reduction in interfacial tension.

4. Conclusions

To summarize, our work shows a straightforward method that
can be used to suppress the formation of the “skin” on the
surface of macroporous polymer particles. The “map” plotted
in the δ-γ12 space paves the way to rationalization of the
composition of the monomer mixtures and the selection of a
broader range of porogen solvents. In particular, for the particles
synthesized in our work, the presence of pendant epoxide groups
allows subsequent surface modification of the microbeads,25

whereas a well-defined porous surface structure of the particles
makes them permeable for large molecules. Although we show
two methods that can prevent the formation of the skin on the
particle surface, the use of surfactants has obvious advantages
in comparison with introduction of organic solvents in the
continuous phase. Microfluidic synthesis provides the ability
to tune the size of microbeads by varying the flow rates of
liquids, to synthesize particles with narrow polydispersity, and
to conduct photopolymerization under well-defined conditions;
however, the applicability of the method would depend on the
increased productivity of microfluidic synthesis in multiple
parallel reactors.37-39
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Figure 7. Typical SEM images of poly(GMA-EGDMA) particles
synthesized in the presence of DOP porogen in the continuous phase
comprising 2.5 wt % PVA and THF at concentration 20 wt %. Image
(a) shows individual microsphere, and image (b) shows a detailed
surface morphology of the macroporous particle.
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