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Multiphase polymeric materials with nanoscale structural co-
continuity are of importance, for example, as active layers of
organic photovoltaic cells, wherein donor and acceptor
domains must interpenetrate on a scale commensurate with
the diffusion length of excitons,[1] or as membranes for
separation and fuel cells wherein continuous pathways for
mass transport are required within a supporting matrix.[2] One
route to such nanostructures is melt or solution state[3–5] self-
assembly of block copolymers into bicontinuous morpholo-
gies. However, the requirements on the segmental interaction
parameter and polymer composition are typically restric-
tive.[6] Bicontinuous microemulsions[7] also provide thermo-
dynamically stable co-continuous structures of approximately
100 nm in size, but are similarly found over narrow ranges in
phase space. Reactive blending can yield nanoscale co-
continuity under some conditions, but typically requires
suitably functionalized reactive precursor polymers.[8–10] An
approach based on blending of polymer nanoparticles has
been reported to give rise to nanoscale domains, but has not
yet been shown to provide co-continuity.[11]

Spinodal phase separation of a polymer blend[12] presents
an alternate route to co-continuous morphologies provided
that the structure can be kinetically trapped at the desired
length scale. The characteristic wavelength, x0, of the initial
spinodal structure is determined by a balance between
diffusion and interfacial energy. For binary polymer blends,

this is expressed in terms of the polymer chain size Rg and the
interaction parameter c :[13]

x0 � Rg
c� cs

cs

� ��1=2

, ð1Þ

where cs is the value of c at the spinodal temperature. The
mixture reduces its energy by decreasing interfacial area, and
thus the initial morphology (generally submicron size)
evolves into increasingly large domains through self-similar
coarsening of the co-continuous structure. As a result of the
large molecular weights, M, of polymers, thermally induced
demixing is feasible for a limited set of polymer pairs having
a c that is both small and significantly temperature depen-
dent, for example, polystyrene/polyvinyl methyl ether[14, 15] or
polymethyl methacrylate/poly(styrene-r-acrylonitrile).[16,17]

Because of the tendency for rapid structural coarsening,
kinetic trapping of co-continuous morphologies has so far
only been achieved on the micron scale.[18–20]

Solvent induced phase separation (SIPS),[21,22] that is,
demixing driven by removal of a common solvent, is a more
general method for immiscible polymer blends. Moreover,
large quench depths can be achieved by rapid solvent
evaporation, which according to Equation (1) may lead to
the formation of nanoscale co-continuous structures. How-
ever, solvent also enhances mobility, thus increasing the rate
of structural coarsening, and so SIPS typically yields large-
scale structures (ca. 10 mm).[23–25] Additionally, since the
solvent often has a preference for one component,[26] nucle-
ation and growth (NG) is common for most compositions and
quench depths. While spin-casting from almost nonselective
solvents leads to spinodal decomposition (SD), the resulting
kinetically trapped co-continuous structures are usually
micron sized and therefore only two-dimensional in nature,
and are found only over a narrow range of compositions[27]

with nearly balanced substrate interactions.[28–31] In addition,
even a slight difference in the component solubility gives rise
to significant topography since the less soluble component
solidifies first and eventually forms elevated domains.[29, 32,33]

While it has been argued that SIPS can yield phase-separated
structures of tens of nanometers in size,[34–36] recent work has
demonstrated that such morphologies result from crystalliza-
tion rather than SD.[37–40]

Herein we demonstrate a SIPS approach for mixtures of
homopolymers (A) with random copolymers (A-r-B) that
yields smooth films with nanoscale co-continuous morphol-
ogies. The compositions of the random copolymers are chosen
to tune the effective interaction parameter, ceff, thereby
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allowing the quench depth attained during solvent casting to
be tailored, and trapping of the system by vitrification during
the initial stages of SD. A simple spin-casting process yields
co-continuous morphologies with characteristic sizes down to
several tens of nanometers, and the method is not highly
sensitive to the choice of solvent or substrate chemistry.

We design our polymer blend system based on the
immiscible pair of polystyrene (PS) and poly(2-vinylpyridine)
(P2VP), which exhibit a c of approximately 0.2 at room
temperature.[41, 42] According to mean-field theory for random
copolymer blends,[43–45] we expect that this interaction
strength will be mediated by incorporating styrene monomers
into the P2VP chains, that is, using P(S-r-2VP) random
copolymers. While previous studies on homopolymer/random
copolymer blends exist, their focus has been to test predicted
phase behaviors and extract interaction parameters for
immiscible homopolymer pairs.[33,44, 46–52] For a binary A/Ax-
r-B1�x mixture, ceff should depend on x,[51, 53] assuming equal
segment volumes, according to:

ceff ¼ ð1�xÞ2 cAB: ð2Þ

To achieve a modest degree of immiscibility, that is, ceff N
� 5–10, where N is the average degree of polymerization, we
use a random copolymer P(S-r-2VP) with M = 56 kg mol�1

[denoted P(S-r-2VP)56k] and a mole fraction of styrene of x =

0.70, and blend it with PS homopolymers having M = 26, 34,
and 55 kg mol�1 (PS26k, PS34k, and PS55k, respectively;
Table 1). Phase separation is induced by solvent evaporation

during spin-casting of a 1:1 by weight mixture of PS and P(S-r-
2VP) in toluene. Remarkably, as shown by the transmission
electron microscope (TEM) images in Figure 1, the result is
films with co-continuous structures having characteristic sizes
as small as approximately 80 nm in the case of PS26k/P(S-r-
2VP)56k (Figure 1a); such a size is unusual for macrophase
separated polymer blends. Since this size scale is considerably
less than the film thickness (ca. 500 nm), the co-continuous
morphology is truly three-dimensional, rather than the two-
dimensionally co-continuous micron-scale structures reported
by others.[27,29–32] This is verified by cross-sectional TEM
(Figure 1b), which confirms that the co-continuous morphol-
ogy penetrates throughout the thickness, and reveals that the
film has a smooth surface.

During spin-casting, evaporation apparently quenches the
system into the spinodal envelope so that demixing occurs by
formation of a co-continuous morphology with a small
characteristic wavelength. To reduce interfacial area, these
domains coarsen over time, however, the speed of solvent
removal is sufficiently fast to trap the structure because of
vitrification at an early stage of coarsening. From Flory–
Huggins theory, we estimate the critical c to drive phase
separation,

cc ¼
1
2

1ffiffiffiffiffiffi
N1

p þ 1ffiffiffiffiffiffi
N2

p
� �2

, ð3Þ

as approximately 6 � 10�3 for the PS26k/P(S-r-2VP)56k blend.
Assuming that solvent at a volume fraction of fs serves only to
dilute the unfavorable interactions between polymers,[54]

phase separation should occur when cc = (1�fs)ceff. From
these considerations, we estimate that demixing occurs at fs

� 70 vol %. From the Fox equation and the glass transition
temperatures (Tg) of the components (116 K for toluene[55]

and � 373 K for the polymers), we estimate that the Tg value
of the mixture will reach room temperature at fs� 12 vol %.
Thus, the polymer solution is already fairly concentrated
when demixing begins, and its viscosity will climb rapidly as
solvent is evaporated and the glassy state is approached, thus
allowing the kinetic trapping of nanoscale co-continuous
structures.

The influence of molecular weight further supports this
proposed mechanism. Increasing N should lead to phase
separation at larger fs values, thus allowing for more exten-
sive coarsening prior to vitrification, and thus providing

Table 1: Summary of polymers used in this study.

Styrene
[mol%]

Mw

[kgmol�1]
Mn

[kgmol�1]
PDI

P(S-r-2VP)39k 78 39 28 1.38
P(S-r-2VP)56k 70 56 40.5 1.38
PS26k 100 26 25 1.04
PS32k 100 32.4 30 1.08
PS34k 100 34 33 1.04
PS55k 100 55 54 1.02
PS136k 100 136 120 1.13
PS570k 100 570 520 1.10
P2VP38k – 37.5 35 1.07

Figure 1. Plan-view TEM images of 1:1 (by weight) blends of PS/P(S-r-
2VP)56k with PS having an M of 26k (a), 34k (c), and 55k (d). The
images show co-continuous nanostructures with molecular-weight-
dependent sizes. b) A cross-sectional TEM image of the same sample
as shown in a) confirms that the co-continuous structure spans the
film thickness. In all images, P(S-r-2VP)-rich phases appear darker
because of staining with I2 vapor.
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a means to tune length scale by adjusting the N value of either
polymer. As expected, larger co-continuous structures were
obtained for PS34k and PS55k (Figures 1b and c). Notably,
the size scales observed, approximately 150 and 500 nm,
respectively, depend more strongly on N than expected based
on Equation (1). In fact, they are consistent with the amount
of coarsening prior to vitrification setting the size scale
obtained, rather than the initial length scale of demixing.
Similar results were also found for a shorter random
copolymer (39 kg mol�1) having a lower 2VP content (x =

0.78; see the Supporting Information). Our findings demon-
strate that understanding the interplay between thermody-
namics (ceff) and kinetics (coarsening and vitrification) allows
control over the morphologies formed by demixing.

To conclusively establish the co-continuity of these
structures, we selectively extracted the P(S-r-2VP)-rich
phase from blend films by immersion in methanol and
acetic acid (1:1 by volume). As shown for a 1:1 (by weight)
blend of PS55k/P(S-r-2VP)56k, plan-view TEM images on
unstained samples showed excellent contrast (Figure 2a)

after solvent extraction, as compared with Figure 1d where
contrast could only be seen after I2 staining. The porous
nature of the film was revealed by scanning electron micro-
scope (SEM), where open pores were present both on the film
surface (Figure 2b) as well as percolating through the film
thickness (Figure 2c), thereby establishing the continuity of
the extracted domains. In contrast, for an asymmetric blend of
2:1 (by weight) PS55k/P(S-r-2VP)56k, P(S-r-2VP)-rich drop-
lets dispersed in a PS-rich matrix were observed, character-
istic of a morphology generated by NG. Solvent extraction
followed by sample fracture led to pore formation only on the
surface of the film, with the interior domains remaining intact
(Figures 2 d–f). Subsequent removal of random copolymer-
rich domains from the cleaved films led to the appearance of
discrete pores in the film cross-section (Figure 2g), thus
confirming the presence of isolated droplets that are inacces-
sible to the selective solvent because of the surrounding PS-
rich matrix.

We note that nanoporous membranes with continuous
channels have been previously produced using block copoly-
mer templates.[2, 56–59] However, since these morphologies exist
over narrow composition ranges, and each M gives rise to one
specific size, stringently controlled polymerization conditions
are required. Nanoporous metallic materials can be produced
by the dealloying method,[60–64] however harsh conditions (i.e.,
high temperatures and corrosive acids) are employed. Given
the simplicity of the SIPS process presented herein, and the
access to a wide range of pore sizes from a simple set of
homopolymers, it represents an attractive route for mem-
brane fabrication.

To demonstrate the importance of using a random
copolymer to reduce the ceff value, we also studied as-spun
films for 1:1 (by weight) mixtures of PS26k and P2VP38k
homopolymers. Since toluene is a non-solvent for P2VP, we
instead used the nearly nonselective solvent chloroform. In
contrast to the co-continuous morphologies seen for the PS/
P(S-r-2VP) blends, the homopolymer system gave rise to
larger (ca. 300–500 nm) P2VP-rich droplets within a PS-rich
matrix (Figure 3a), thus suggesting that demixing has instead

Figure 2. Thin membranes of blends of PS55k/P(S-r-2VP)56k after
selective solvent extraction of the P(S-r-2VP)-rich phases. For a 1:1 (by
weight) blend, the high degree of contrast from TEM on an unstained
sample (a), coupled with SEM top-view images (b) showing pores at
the free surface, and with cross-sectional images (c) showing pores
percolating through the film thickness, indicate extraction of material
from the co-continuous film. By contrast, for a 2:1 (by weight) blend,
TEM (d) reveals only isolated domains of random copolymer-rich
phases, while top-view (e) and cross-sectional (f) SEM images show
that material has only been extracted from domains at the free surface.
g) Cross-sectional SEM of the same sample in d–f), with exposure of
the cross-section and selective extraction, shows discrete pores in the
thin membrane (scale bars: 500 nm).

Figure 3. a) TEM image of a 1:1 (by weight) blend of PS26k/P2VP38k
homopolymers spin-cast from chloroform showing droplets of P2VP-
rich domains (dark circles) in a PS matrix. The white circles corre-
spond to P2VP-rich domains that were extracted during floating of the
film sample off of the substrate. TEM images of 1:1 (by weight) blends
of PS26k/P(S-r-2VP)56k spin-cast from toluene (b) and chloroform (c)
shown at the same magnification to highlight the dramatic difference
in morphology obtained using the random copolymer blend. The
P2VP-rich phases appear darker because of staining with I2 vapor
(scale bars: 500 nm).
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occurred by NG. To ensure that the choice of solvent was not
responsible for this dramatic difference, we also spin-cast
a PS26k/P(S-r-2VP)56k blend film from chloroform (Fig-
ure 3c; see Figure S2 in the Supporting Information for
further details), which gave a co-continuous morphology
similar to that from toluene (Figure 3b).

Given the three-dimensional nature of these co-continu-
ous structures we expect less dependence of the morphology
on the substrate than in previous reports.[29, 31,32] To this end,
we tested four substrates including silicon wafers with a native
oxide layer, gold-coated silicon, mica, and polyimide films. In
all cases similar co-continuous morphologies were observed
(Figure 4) with a thin wetting layer of the PS-rich phase at the

free surface resulting from the lower surface energy of PS. For
the case of silicon and gold substrates, preferential wetting by
P(S-r-2VP) results in a random copolymer-rich layer at the
polymer/substrate interface (Figure 4a and d), while little
preference was found in the case of mica and Kapton
(Figures 4 g and j).

Based on the idea that slower evaporation should yield
more extensive coarsening, we also varied the conditions of
film casting. For spin-cast films, the size of co-continuous

structures was found to vary nearly linearly with film thick-
ness (see Figure S3 in the Supporting Information). For
significantly thicker (ca. 10 mm) films by drop casting, co-
continuous structures were retained, but with a significant
gradient in size through the thickness (Figure 5). Near the
polymer/air interface, the characteristic length scale was

approximately 500 nm, while at the bottom surface it was
approximately 2 mm. In these thick films, evaporation yields
a gradient in solvent concentration, causing the surface of the
film to vitrify while the remainder has sufficient solvent to
allow coarsening. This gradient can be further enhanced by
annealing, that is, by applying heat to the substrate while
blowing cold nitrogen gas onto the surface of the film
(Figure 5b). Such gradient structures with continuous chan-
nels are of potential interest for applications as filtration
membranes,[65] although we note that significant development
would be necessary before this approach could compete with
the current phase inversion method to fabricate filtration
membranes.

Finally, we consider the alternative explanation that the
co-continuous morphologies in PS/P(S-r-2VP) blends is due
to microphase separation of the random copolymer, with PS
homopolymer swelling the PS-rich microdomains.[66, 67] Small
angle X-ray scattering (SAXS) on P(S-r-2VP) samples (see
Figures S4a and S4b in the Supporting Information) shows
a monotonic decay in intensity. Fitting the SAXS data using
the Debye–Bueche equation results in a correlation length
a of 3.5 nm for both P(S-r-2VP)s (Figure S4c).[38] The chord
lengths for a two-phase system can be extracted from li = a/fj,
where fi is the volume fraction of phase i, were found to be
16 nm for PS-rich domains and 4.5 nm for P(S-r-2VP)-rich
domains in P(S-r-2VP)39k, and 12 nm and 5 nm in P(S-r-
2VP)56k. TEM micrographs (Figures S4d and S4e) of I2-

Figure 4. Blend films of 1:1 (by weight) PS26k/P(S-r-2VP)56k prepared
on a silicon wafer (a–c), a gold-coated silicon wafer (d–f), a mica
substrate (g–i), and a polyimide substrate (j–k). Cross-sectional TEM
images (a, d, g and j), and top-view (b, e, h and k) and cross-sectional
(c, f and i) SEM images after selective solvent extraction of P(S-r-2VP)-
rich domains. Similar co-continuous structures are observed, regard-
less of the substrate type (scale bars: 1 mm).

Figure 5. Cross-sectional TEM micrographs of thick membranes of 1:1
(by weight) blends of PS32k/P(S-r-2VP)56k. a) The co-continuous
structures formed upon drop-casting show a gradient in the length
scale of the co-continuous structure through the film thickness.
b) After annealing with the substrate held at 120 8C for 10 min while
the free surface was cooled, the gradient is enhanced (scale bars:
1 mm). P(S-r-2VP) phases appear darker because of staining with I2

vapor; the dark lines (indicated by arrows) represent gold films
deposited to mark the polymer/air interface.
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stained P(S-r-2VP)s exhibit similar contrast as the I2-stained
PS homopolymer sample (Figure S4f), with a feature size of
several nanometers. The observed length scales of 50 nm to
300 nm for the blend systems, as well as their coarsening upon
thermal annealing strongly suggest that microphase separa-
tion is not responsible for the observed behavior. Conse-
quently, we conclude that the co-continuous morphologies
formed here result from kinetically-trapped demixing of PS
and P(S-r-2VP), rather than microphase separation.

In summary, we have developed a strategy to tune
incompatibility in immiscible polymer blends through the
use of a random copolymer, thus allowing quenches into the
spinodal envelope during solvent casting followed closely by
vitrification. This simple method yields co-continuous mor-
phologies with sizes down to tens of nanometers, and is robust
to variations in solvent choice and substrate chemistry, and
provides simple means to control the sizes of the structures
obtained. These co-continuous films further serve as tem-
plates for thin nanoporous membranes and thick membranes
with gradients in feature size, thus offering potential promise
in applications such as filtration membranes.
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