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ABSTRACT: Direct visualization of IPN morphology formed during polymerization-induced phase
separation (PIPS) of PDMS-PMAA IPNs is reported. Laser scanning confocal microscopy (LSCM) and
hydrophilic fluorescent probes of varying molecular weights were used to image hydrophilic domains in
PDMS-PMAA IPNs. The images reveal complex, superimposed structures of hydrophilic domains of
varying sizes and spatial distributions. This morphology is attributed to the phase-separated structures
formed and partially arrested at continuously varying quench depths during the PIPS process. These
observations contribute to the understanding of morphology development in IPNs.

Introduction
IPN morphology is largely determined by phase

separation of the polymer components during IPN
formation. In sequential IPNs, phase separation occurs
as a result of the polymerization and cross-linking of
the guest monomers within the host polymer network,
a process called polymerization-induced phase separa-
tion (PIPS).1 Increasing the molecular weight of the
guest polymer network due to polymerization and cross-
linking increases the thermodynamic driving force for
phase separation while the accompanying vitrification
and increasing viscosity kinetically hinder and may
ultimately arrest phase separation. Thus, the morphol-
ogy formed via PIPS is highly dependent upon the
relative rates of the polymerization and cross-linking
reactions vs the rate of phase separation.2

Quench depth is a quantitative representation of the
thermodynamic driving force for phase separation de-
fined as the difference between the actual temperature
of an immiscible IPN system and the temperature of
incipient miscibility, i.e., either the lower or upper
critical solution temperature (LCST or UCST).3 In PIPS,
the phase diagram continually changes as the guest
polymer molecular weight increases, resulting in con-
tinually varying quench depths. This phenomenon
contrasts with the more widely studied thermally
induced phase separation (TIPS) in which nonreacting
IPN systems or blends are subjected to a stepwise
temperature change.3

The mechanism by which phase separation occurs and
the resulting morphology depend on the region of the
phase diagram in which the IPN system is located.3 In
the metastable region, phase separation occurs via
nucleation and growth (NG) in which isolated concen-
tration fluctuations with an equilibrium composition
initially appear and then grow to yield an irregular two-
phase structure.1 In the unstable or spinodal region of
the phase diagram, concentration fluctuations begin
small and grow in amplitude and wavelength as phase
separation proceeds. Spinodal decomposition (SD) is the
predominant mechanism during the formation of IP-
Ns.4,5

Extensive studies of SD initiated by TIPS have
revealed a four-stage process in morphology formation.

During the early stages, a highly interconnected, two-
phase morphology with a unique periodicity or a domain
structure with relatively narrow size distributions may
be obtained. As phase separation progresses, both the
concentration and size of the separated domains in-
crease and the interconnected structure yields frag-
mented domains followed by spherical domains that
may grow in size and coalesce. The domain sizes during
TIPS, even in the late stages of SD are of a uniform
size and dispersed quite regularly.1

Although similar stages of SD were found to occur in
PIPS, there has been some indication in the literature6,7

that PIPS-induced SD in IPNs does not produce uniform
domain sizes. This has been attributed to the time-
variant nature of quench depth in this process. It has
been reported that the size of phase separated domains
is inversely proportional to quench depth;8,9 thus, the
continuous change in quench depth during PIPS should
result in a variety of domain sizes in the final IPN
morphology.6,7 However, either a single domain size or
evidence of only two different domain sizes has been
reported.10,11

Chou et al.10 examined morphology development in a
polyurethane (PU) and polystyrene (PS) IPN using
phase-contrast optical microscopy and transmission
electron microscopy (TEM). An interconnected phase
developed, which coalesced to form a periodic droplet
and matrix type morphology. A second level of phase
separation producing smaller domains was found to
occur within the droplet and matrix phases produced
by SD. Widmaier11 examined semi-IPNs of cross-linked
PU and linear PS by light transmission studies, optical
microscopy, and scanning electron microscopy (SEM)
and found that when the reaction medium phase
separated before gelation of PU, the final morphology
was a superposition of two levels of phase separation:
(i) a fine dispersion of the components and (ii) a gross
phase separation of PS noduli surrounded by a PU-rich
shell. Although these limited examples allude to a more
complex morphology formed in IPNs due to PIPS, they
only directly demonstrate the existence of two phase
separated domain structures with widely different
length scales.

In a previous paper,12 it was shown that PDMS-
PMAA IPNs prepared using a monomer immersion
method formed a bicontinuous morphology consisting
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of hydrophilic PMAA channels within a PDMS matrix.
When these IPNs were immersed in solutions of hydro-
philic fluorescent probes, the probes were distributed
through the interconnected PMAA hydrogel domains,
but were excluded from PDMS regions and inaccessible
PMAA domains. Observations using laser scanning
confocal microscopy (LSCM) showed that interconnected
hydrogel domains that contained the fluorescent probe
were visible and distinguishable from the rest of the
IPN. In this paper, the morphology of PDMS-PMAA
IPNs is further examined by using fluorescent markers
of different molecular weights to probe the size distribu-
tion of PMAA hydrogel domains within the IPNs.

Experimental Section

Preparation of PDMS-PMAA IPNs. PDMS-PMAA IPN
membranes were prepared using the monomer immersion
method described in detail in an earlier paper.12

Briefly, PDMS films were first prepared by mixing vinyl-
terminated poly(dimethylsiloxane) resin (116 000 Da, 65 000
cst) with 10% hydride terminated PDMS (1000 cst) and 60 ppm
of platinum divinyltetramethyldisiloxane complex (all from
United Chemical Technologies, Bristol, PA) and 4% of a cyclic,
multifunctional silicone hydride cross-linker MDX4-4210
(Dow Corning, Midland, MI). The mixture was then spread to
0.5 µm thickness on a Mylar sheet, and degassed under a
vacuum of 25 mmHg for 6 h. Hydrosilyation addition and cross-
linking were then carried out at 55 °C for 24 h. Cross-linked
PDMS was then washed in cyclohexane for 24 h.

IPN membranes were then prepared by immersing a film
of cross-linked PDMS in a methacrylic acid (MAA) monomer
solution containing 1% w/v of 2,2-dimethoxyacetophenone and
1% v/v of triethylene glycol dimethacrylate (TEGDMA) cross-
linker for approximately 18 h at room temperature. The
monomer swollen PDMS network (pre-IPN film) was then
immersed in a MAA monomer solution that contains no cross-
linking agent or photoinitiator and irradiated with 32 W
intensity, 350 nm UV light for 1 h to produce the IPN. Cross-
linking agent and photoinitiator were excluded from the
immersion medium to prevent the solidfication of the medium
and IPN entrapment. The IPN contained approximately 30%
PMAA on a dry basis.

LSCM of IPN Morphology. The morphology of the PDMS-
PMAA IPN prepared according to the monomer immersion
method was examined as a function of depth via LSCM (Carl
Zeiss LSCM 510) using the procedure described in a previous
paper.12 Pieces of PDMS-PMAA IPN membranes were placed
in solutions of different molecular weight fluorescent probes
for 1 month: a 200 ppm solution of fluorescein (sodium salt,
MW 332 Da), and 3000 ppm solutions of fluorescein isothio-
cyanate dextran of 4400 Da (FDX4.4KD) and 70 000 Da
(FDX70KD) molecular weights. These hydrophilic markers
permeated the interconnected hydrogel domains of the IPN
and were used to distinguish the accessible hydrogel domains
from the PDMS regions and inaccessible hydrogel domains of
the IPN. Each IPN section was imaged at depths of 2 µm
intervals from the IPN surface to approximately 100 µm below
the surface. At beyond 100 µm depths, the images were too
dark and unfocused to be useful.

Immersion in dye solutions for longer than 1 month gave
the same confocal microscopy imagesssuggesting that equili-
bration had been reached at 1 month or that diffusion into
some regions of the IPNs was so slow that no dye transport
was visible even at 1 month. Experiments showed that
different lateral sections of the same pieceof IPN gave the same
confocal images when probed with the same dye at the same
depthsindicating that there is no lateral variation in morphol-
ogy. The images obtained with different molecular weight
probes reported in the manuscript are also from different
sections of the same piece of IPN; these different sections
should have the same morphology, and therefore, the images
should be superimposable.

Results

LSCM images of PDMS-PMAA IPNs that had
been preequilibrated with solutions of FDX4.4KD, or
FDX70KD are shown in Figures 1 and 2, respectively.
The red regions represent PMAA hydrogel domains that
were accessible to the probe, while the black regions
represent parts of the IPN from which the probe was
excluded. Probes may be excluded from PDMS regions,
as well as PMAA regions that have a domain size or
mesh size that are smaller than the probe molecule.
Since it is believed that phase separation occurs via
spinodal decomposition,12 it is unlikely that there are
PMAA regions that are inaccessible because they are
isolated in a sea of PDMS.

The LSCM images of an IPN that had been preequili-
brated with a fluorescein solution are not shown here
because they are identical in appearance to Figure 1,
parts a and b, the surface and 50 µm depth images of
FDX4.4KD equilibrated IPN’s. At selected depths up to
150 µm, fluorescein-equilibrated IPN’s showed small red
cylindrical regions homogeneously dispersed throughout
a continuous black region. A comparison of fluorescein
hydrodynamic diameter (0.8 nm) and the size of a repeat
unit in PMAA indicates that it is unlikely for fluorescein
to be excluded due to a smaller mesh size in the hydrogel
regions. The black region should therefore represent
PDMS. In these images, the PMAA gel domains appear
to be uniformly dispersed and of the same approximate
size.

Figure 1 shows LSCM images of PDMS-PMAA IPN
preequilibrated in a concentrated solution of FDX 4.4KD
(h.d. 9.4 nm). Images of the first 50 µm of the membrane
were similar to images of the fluorescein-equilibrated
IPN. The domains appeared small, of uniform size and
homogeneously dispersed. Beyond 50 µm, LSCM images
of the IPN cross-section abruptly changed. Large black
regions, indicating an absence of fluorescent solute, and
red regions that formed a macrostructure containing
smaller, red cylindrical gel domains, were observed. In
Figure 1c at a depth of 52 µm, a macrostructure of gel
domains is visible which is similar to that of intermedi-
ate-stage spinodal decomposition, where the intercon-
nected cylindrical domains had grown in size and
become globular in order to minimize the interfacial
area. At 54 µm, the macrostructure appears as spherical
domains (Figure 1d) similar to late stage SD. Parts e
and f of Figure 1 show a connected globular structure.
It was also evident that the larger spherical domains
contained smaller cylindrical gel domains.

Parts a-f of Figure 2 contain LSCM images of the
PDMS-PMAA IPN preequilibrated with a solution of
FDX70KD (h.d. ) 37.4 nm). In contrast to the smaller
probes, the nonrandom distribution of accessible do-
mains was evident at just 5 µm from the surface (Figure
2b), where clusters of red regions and black regions had
formed. At a depth of 10 µm (Figure 2c), a large decrease
in the volume fraction of gel domains accessible to
FDX70KD is seen. The upper left-hand corner contained
an area of very small, spherical, gel regions similar to
morphology created by the NG mechanism of phase
separation. At 15 µm (Figure 2d), larger globules of a
similar diameter containing smaller cylindrical gel
domains were evident. Globules of even larger sizes,
some of which appear to have coalesced, are visible at
20 (Figure 2e) and 25 µm (Figure 2f). This morphology
is similar to that created in the late stages of the SD
mechanism.
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Discussion
PDMS-PMAA IPN Morphology Imaged Using

Different Size Probes. The literature on PIPS-induced
IPN morphology includes experimental evidence of
uniform domain size morphology and a theoretical
understanding that supports a continuum of domain
sizes with a few experimental examples of IPNs having
multiple length scales. TEM13,14 or SEM15,16 studies
have produced IPN images with uniform size and
distribution of gel domains, and suggested that PIPS
results in IPN morphology similar to the morphology
of polymer blends produced by TIPS. These conclusions
have been questioned2,6 because PIPS and TIPS are
fundamentally different processes. In particular, since
it is known that phase separation is determined by
quench depth and quench depth increases continuously
during PIPS, the continually varying quench depth
during PIPS should result in a distribution of gel
domain sizes in the final IPN morphology. The results
of the current study provides visual evidence to support
the presence of a distribution of gel domain sizes.

LSCM images of fluorescein-equilibrated IPN’s show
that gel domains in the first 150 µm of the IPN that
are accessible to the 0.8 nm fluorescein probe are
homogeneously dispersed and uniform in size. A com-
parison of Figure 1 shows that at 50 µm depth and
below, some of the fluorescein-accessible domains are
inaccessible to the 9.4 nm FITC-dextran probe. Further
comparison with Figure 2 shows that at just 5 µm below
the surface, a fraction of the fluorescein-accessible
domains are inaccessible to the 37.4 nm FITC-dextran
probe. These observations indicate that gel domains of
at least three different ranges of length scales, repre-

senting different accessibility to the three probes, coexist
within the IPN at varying depths. The discrete nature
of the probe dimensions does not allow finer resolution
of domain sizes, but these observations strongly suggest
that a continuum of domain length scales may exist.

It is proposed that the different gel domain length
scales are a result of the morphology created at different
quench depths during polymerization and cross-linking
of the IPN. At shallow quench depths in the early stages
of PIPS, i.e., shortly after the point of incipient phase
separation, when the system conditions coincide with
the boundary between miscible and immiscible regions
of the phase diagram, phase separation may occur by
either NG or SD. NG is known to produce relatively
large and well-separated domains4 that are spherical
in shape and nonuniform in size. With the largest probe
used, evidence for such domains can be seen in Figure
2c. SD at shallow depths are also known to produce
relatively large domains 1, but SD-produced domains are
known to have approximately the same size and spacing
and are usually connected or have coalesced with
growth. Evidence for large domains of SD type morphol-
ogy is seen in Figure 2, parts d-f. As polymerization
and cross-linking reactions progress, it is expected that
SD will become the dominant mechanism of phase
separation and the gel domains formed at deeper
quenches will be much smaller.1 These smaller gel
domains may form within the larger domains formed
earlier, so that depending upon the size of the permeat-
ing probe, images may show smaller domains contained
within larger ones (Figures 1c and 2d-f), or they may
show evidence of only the smaller domains.

Figure 1. LSCM images of PDMS-PMAA IPN immersed in FITC-dextran (4400 Da) solution as a function of depth (scale bar
) 5 µm).
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The literature contains only a few examples of IPNs
having different length scales. Tran-Cong et al.2 indi-
rectly demonstrated the existence of domains of two
different length scales during photocrosslinking of two
components of a ternary polymer blend. Using a phase-
contrast optical microscope and a two-dimensional fast
Fourier transform image analysis method, they were
able to distinguish between the different sized domains
formed in the cross-linked polymer blend. This morphol-
ogy was attributed to the inhomogeneous freezing
kinetics of the cross-linking process.

Yang et al.17 prepared semi-IPNs from polyphenyl
ether and cross-linked poly(diallyl phthalate). They
observed systems of fine polyDAP domains on the order
of 10 nm present in the larger, micrometer-size dis-
persed particles using TEM. They concluded that the
fine domains were formed by successive SD, under very
deep quench after the micrometer scale particle/matrix
morphology had been arrested by partial cure. This
morphology was similar to that observed in Figure 2,
parts d-f.

Harada18 observed NG type structures similar to
those in Figure 2c using phase-contrast optical micros-
copy at different time intervals for a polymer blend
cross-linked by irradiation. The appearance of nuclei
was first noted, followed by the appearance of intercon-
necting structures around the nuclei at later times. This
process was termed nucleation-assisted SD.

Only isolated examples of different domain sizes have
been provided in the literature, perhaps because the
analytical methods used to examine IPN morphology
were not able to distinguish between the various levels
of phase separation and domain structures present. The
analytical techniques that have been used to investigate
IPN morphology include TEM, SEM, phase-contrast
optical microscopy, and, to a lesser extent, small-angle
neutron scattering and SAXS.21 For each of these
methods all the domains present are imaged at one time
so that images are similar to those in Figure 1. Not
surprisingly, studies using these methods have con-
cluded that IPNs consist of a single domain length scale.
The probe method used in this study provides a means
of distinguishing complex, multilayered morphology
with multiple length scales in IPNs.

PDMS-PMAA IPN Gel Domain Morphology as
a Function of Depth. Figures 1 and 2 can be compared
to see how IPN morphology and domain size varied as
a function of depth. The morphology of fluorescein
accessible regions was uniform throughout the first 150
µm of the IPN surface region while gel domains of larger
length scales varied with depth). In Figure 1c at 52 µm,
a macrostructure of gel domains formed which was
similar to that of intermediate-stage SD. A similar
pattern of morphology as a function of depth is seen in
Figure 2, parts d-f.

Figure 2. LSCM images of PDMS-PMAA IPN immersed in FITC-dextran (70 000 Da) solution as a function of depth (scale
bar ) 5 µm).
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This variation in morphology with depth was at-
tributed to the different kinetics of polymerization and
cross-linking that occurred as a function of depth due
to the nonuniform distributions of cross-linker, initiator,
and UV intensity. UV intensity was expected to decrease
with depth due to interference from the polymer. Cross-
linker and initiator concentrations decreased toward the
surface of the IPN due to diffusion out into the sur-
rounding monomer during IPN formation. The LSCM
observations are consistent with more rapid polymeri-
zation kinetics near the surface than in the interior of
the IPN.

If polymerization progresses much faster than phase
separation, then phase separation occurs primarily at
deep quench, and smaller domains would be expected
as is seen near the surface. With slower polymerization
kinetics, quench depth would change more slowly and
phase separation occurring at shallow quench depths
would be significant producing larger domains. At 50
µm depths from the surface (Figure 1c) there was
evidence of late stage SD where SD at shallow quench
was allowed to proceed to near completion. This was
attributed to phase separation that was faster than
polymerization and cross-linking due to the decrease in
UV light intensity at this depth.

Conclusions
Direct visual evidence of a complex array of morpho-

logical structures in IPNs formed via PIPS has been
presented. Images were obtained by preequilibrating
IPNs with different size fluorescent probes, and visual-
izing the fluorescent regions using LSCM. The evidence
is consistent with a complex series of phase separations
produced at different quench depths during PIPS and
arrested by partial cure to form the final structure of
the IPN. A variety of domain sizes and macrostructures
coexisted at any given depth in the IPN. Morphology
also varied with depth due to gradients in initiator
concentration, cross-linking agent concentration and UV
light intensity during IPN formation. This work con-
tributes to an improved understanding of morphology
development that takes place during the PIPS process
of IPNs.
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