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Introduction

Immiscible homopolymers commonly undergomacrophase

separation because of endothermic mixing, in conjunction

with a negligible entropy ofmixing, at relatively large length

scales. Covalent coupling of two such homopolymers yields

a diblock copolymer, which can likewise undergo phase

segregation, but at much smaller length scales. Because of

its physically restricted blocks, an incompatible diblock

copolymer can spontaneously self-organize into several

ordered nanometer-scale morphologies, which include

spheres on a body- or face-centered cubic lattice, cylinders

on a hexagonal lattice, bicontinuous channels, and alternat-

ing lamellae.[1] Tunable morphological control is crucial to

Summary: Coexisting bicontinuous morphologies, one
ordered and one disordered, are investigated in a macrophase-
separated poly(styrene-block-isoprene) diblock copolymer/
homopolystyrene (SI/hS) blend. Two-phase behavior is attrib-
uted to the relatively high hS/S mass ratio (0.92). According to
its crystallographic signature and channel coordination as
discerned from three-dimensional (3D) images generated by
transmission electron microtomography (TEMT), the ordered

morphology is classified as gyroid. The 3D local and global
topological characteristics of both bicontinuous morphologies
as measured directly from TEMT images are reported. The
disordered morphology is further compared with molecular-
field simulations to ascertain the spatial distribution of the
constituent species within the blend, thereby demonstrating the
utility of high-resolution 3D imaging coupled with molecular-
level simulations.
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emerging nanotechnologies[2,3] and reflects entropic differ-

ences associated with interfacial chain packing.[4] The

morphologies of microphase-ordered diblock copolymers

can be chemically altered by synthesizing[5] copolymer

molecules that differ in composition, repeat unit asymme-

try,[6] or (liquid) crystallinity.[7,8] Alternatively, interfacial

chain packing and, hence, morphology can be physically

adjusted through the addition of a second (miscible)

species, such as a selective solvent,[9] a parent homo-

polymer, or a second copolymer.[10] Of particular interest

here are the bicontinuous morphologies generated thus far

in block copolymer systems.

Although ordered bicontinuous morphologies such as

perforated lamellae[11] and the ‘Plumber’s Nightmare’[12]

have been reported, the gyroid (G) motif with Ia�3d sym-

metry is the most ubiquitous ordered bicontinuous mor-

phology observed in neat linear[13–15] and non-linear[16]

block copolymer melts, as well as in blends of copolymers

with solvents,[17] homopolymers,[18] or other copoly-

mers.[19] Accurate classification of this complex morphol-

ogy has relied upon mesoscale crystallography,[13,14]

minimal-surface modeling,[14] and transmission electron

microtomography (TEMT).[20a] In the presence of at least

one added parent homopolymer, block copolymer mole-

cules can form other bicontinuousmorphologies. Aperiodic

bicontinuous morphologies composed of bilayered chan-

nels and generically referred to as ‘sponge’ morphologies

have been reported[21,22] for triblock copolymers in the

presence of a single homopolymer. In ternary systems

composed of two homopolymers with typically less than

10 wt.-% block copolymer, a microemulsion morphology

develops at the Lifshitz point where microphase and

macrophase separation are equally favored.[23] Previous

studies[24] have likewise reported on the existence of com-

plex network morphologies in block copolymer systems. In

general, such bicontinuous and network morphologies

appear either ordered or disordered, but not both.

The objective of this work is to examine the bicontinuous

morphology that results by adding a relatively high-mole-

cular-weight homopolymer (hA) to a microphase-ordered

AB diblock copolymer. Using self-consistent field theory

(SCFT), Matsen[25] has generated phase diagrams for AB/

hA blends that differ in thermodynamic incompatibility

(wN, where w is the Flory-Huggins interaction parameter,

andN¼NAþNB is the number of statistical units along the

copolymer backbone) and homopolymer/copolymer chain

length ratio (a¼NhA/NAB). The SCFT phase diagram that

corresponds to wN¼ 11 and a¼ 0.67 shows that, in addition

to the single morphologies described earlier, coexisting

morphologies and a two-phase (2F) region that extends

over most of the homopolymer composition range (fhA) at

low- to mid-copolymer compositions (fA¼NA/N) are also

predicted to exist. The 2F region is found[25] to enlarge (to

higher fA and lowerfhA) as both a and wN increase. Experi-

mental studies of copolymer-rich AB/hA blends performed

to date have focused extensively on miscible blends,

wherein added hA molecules residing within and wetting

the stretched A blocks of the ordered copolymer dictate

geometrical and dimensional characteristics. Although

prior theoretical and experimental studies provide valuable

guidance regarding copolymer/homopolymer blends, not

all phase space has yet been investigated, and questions

regarding the phase behavior of such blends near expected

transitions linger.

Experimental Part

A poly(styrene-block-isoprene) (SI) diblock copolymer and a
polystyrene homopolymer (hS) were synthesized via living
anionic polymerization. The molecular weight and composi-
tion of the copolymer, measured by gel permeation chromato-
graphy (GPC) and 1H NMR spectroscopy, respectively, were
100 kDa and 60 wt.-% (57 vol.-%) S, whereas the molecular
weight of the hS was 55 kDa, so that a¼ 0.48 (corrected for S
and I mass densities). This translates to a hS/S mass ratio of
0.92. The polydispersity indices from gel permeation chroma-
tography (GPC) were 1.19 (SI) and 1.04 (hS). A binary 68/32
w/w SI/hS blend, which resides near the transition from
ordered morphologies to disordered micelles in a previously
reported[18] block copolymer/homopolymer phase diagram,
was prepared by dissolving both species at 5% w/v in toluene.
Upon solution casting, the solvent was slowly removed over
the course of twoweeks, and the resultant filmwas further dried
under vacuum for 2 d at ambient temperature and subsequently
microtomed at �100 8C. Sections measuring �200 nm thick
were stained with 2% OsO4(aq) vapor for 30 min, decorated
with 15 nm Au nanoparticles, and then coated with carbon.
Transmission electron microscopy (TEM) images were collect-
ed at tilt (y) angles that ranged from�658 toþ658 at an angular
interval of 18 on a Technai T20microscope operated at 200 kV.
Images were acquired at a resolution of 0.89 nm � pixel�1 on a
Gatan UltraScan 4000 CCD camera and aligned using the Au
fiducial markers. Volumetric TEMT reconstructions were
generated[26] from the filtered back-projection algorithm in
the EMCAT software suite.

Results and Discussion

ATEM image collected from the blend at 08 tilt is presented
in Figure 1 and reveals that the blend exhibits two distinct

bicontinuous morphologies, one ordered and the other

disordered. The ordered one resembles the G morphology

viewed along the (111) projection axis. Although G can

coexist with other non-bicontinuous morphologies such as

cylinders, we are unaware of any reports wherein ordered

and disordered bicontinuous phases coexist. Direct com-

parison with prior SCFT predictions is not possible because

of differences in both wN (estimated as �77 from the

temperature-dependent w reported by Lodge et al.[27] and

density-corrected monodisperse block lengths) and, to a

lesser extent, a. Attempts to perform SCFT calculations for

the present blend conditions of wN and a have been
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unsuccessful because of stability problems. Another factor

to be considered (beyond the scope of this work) is copo-

lymer polydispersity, since Sides and Fredrickson[28] have

shown that block copolymer morphologies can be affected

by variations in molecular weight distribution. The present

copolymer/homopolymer blend nonetheless provides a

unique opportunity to investigate bicontinuous morpholo-

gies that differ in spatial organization. Detailed analysis of

these coexisting phases can help to elucidate key morpho-

logical differences and similarities, as well as bridge

contemporary studies of ordered and disordered bicontin-

uous morphologies.

Results from the TEMTanalysis are displayed in Figure 2.

Two-dimensional planar and cross-sectional slices of the

three-dimensional (3D) volume elements generated by

reconstructing independent series of tilt images collected

from the ordered and disordered morphologies are provided

for comparison in Figure 2a and 2b, respectively, whereas

corresponding solid renderings are included in Figure 2c

and 2d. For reference, the z direction in these montages is

orthogonal to the specimen surface along x and y. A marked

difference in nanostructural order between the two morpho-

logies is evident from the image slices in Figure 2a and 2b.

Close examination of the solid renderings displayed in

Figure 2c and 2d further reveals that, while the ordered

morphology consists primarily of channels that appear

circular in cross-section, some of the I microdomains in the

disorderedmorphology appearmore layer-like.Dimensional

changes incurred as a consequence of beam damage during

Figure 1. ATEM image of the blend under current investigation
(with a¼ 0.48), which confirms the presence of two coexisting
bicontinuous morphologies, one ordered and the other disordered.
In this and subsequent images, the I microdomains appear dark
because of selective OsO4 staining. The 15 nm Au nanoparticles
used for image alignment purposes are visible in this image.

Figure 2. Two-dimensional planar (x,y) and cross-sectional (x,z; y,z) slices of the
a) ordered and b) disordered bicontinuous morphologies generated from 3D TEMT
images. The positions fromwhich the slices have been extracted are identified in the
images. Included in c) and d) are the corresponding 3D solid renditions of the I
microdomains within a transparent S/hS matrix.
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image acquisition are detected by the magnitude of the

average root mean square (rms) alignment error (D), which
relates the observed (x,y,y) position of each Au reference

marker to its expected position known from the 08 tilt image.

Calculated values ofD, 0.13 and 0.18 nm for the ordered and

disorderedmorphologies, respectively, are acceptably low to

permit further analysis of the TEMT images.

Although the bulk composition of the present blend is

known (29–30 vol.-% I), the composition of each co-

existing phase is not. Since TEMTanalysis over the present

angular range[20a] can assess composition within 3% of the

known composition, it is used to analyze the morphologies

in Figure 2. Measured compositions in Figure 2a,c and 2b,d

are 21 and 15 vol.-% I, respectively. The former corres-

ponds to 51 vol.-% hS, whereas the composition of the

disordered morphology spatially varies. These composi-

tions are generally lower in the minority component than

those reported for ordered bicontinuous morphologies in

linear block copolymers and their blends. The amount of

each phase present in the blend cannot be determined be-

cause the disordered morphology is spatially heteroge-

neous, displaying evidence of hS enrichment along the

ordered/disordered interface. Fourier analysis of the

ordered morphology yields the crystallographic identity

and characteristic size of the unit cell. Peak positions

located at 1:
ffiffiffi

6
p

:
ffiffiffi

8
p

in the 3D Fourier transform of the

reconstructed solid used to generate Figure 2c corroborate

that the morphology is G with a mean unit cell size of 122

nm. Conversely, Fourier analysis of the disordered

bicontinuous morphology yields a diffuse ring with a much

lower interdomain distance (L) of�67 nm. Skeletonization

of the 3D reconstructions in Figure 2c and 2d further reveals

that the channel coordination is primarily (89%) 3 in

both morphologies, thereby confirming that the ordered

morphology is G. This observation indicates that the

G morphology can develop at relatively high wN, which
is consistent with experimental observations of chemically

modified copolymers[29] and recent SCFT developments.[30]

A second outcome is that the Euler number (Eu), given by

2� 2g (where g denotes genus), is measured as �14� 0.4

for the G morphology (which is comparable to that of the

G morphology in a neat SIS copolymer, �14� 0.3) and

�3.4� 0.2 for the disordered bicontinuous morphology.

For reference, the value of Eu for the G morphology

derived[20b] earlier for a composition-matched Schoen G

minimal surface is �16� 0.2.

The local shape of any curved surface can be described by

two principal curvatures k1 and k2, which together yield the
mean curvature H, given by (k1þ k2)/2, and the Gaussian

curvature K, defined here as k1k2. The area-averaged mean

curvature (hHi) governs global morphological develop-

ment, whereas the corresponding standard deviation (sH)
relates to interfacial packing frustration and the thermody-

namic stability of bicontinuous morphologies.[4] The

probability density of H, designated P(H), is derived from

a joint interfacial curvature probability distribution deter-

mined by measuring H and K at random points along the

interface. The P(H) distributions generated for the ordered

(G) and disordered bicontinuous morphologies evident in

Figure 1 and 2 are presented in Figure 3 and appear stri-

kingly similar: both are nearly Gaussian in shape but not

centered at H¼ 0. Included for comparison is P(H)

reported[20a] for a neat SIS triblock copolymer that exhibits

the G morphology. It resembles the probability densities

obtained from the SI/hS blend, but is shifted further from

H¼ 0. TheP(H) data in Figure 3 indicate that themagnitude

of hHi increases with increasing nanostructural order.

Another quantity that reflects the extent of molecular

organization is the interfacial area/volume (S). Although a
limited number of data points are available, the inset

included in Figure 3 shows that i) an increase inS promotes

an increase in hHi and a decrease in sH, and ii) the G

morphology in the SI/hS blend possesses a lower S (and is

presumably more defective) than the one in the SIS

copolymer.

While direct visualization and quantitative analysis of

TEMT images can provide real-space insight into the

structural characteristics of complex nanometer-scale

morphologies, the spatial distribution of the constituent

species within the present SI/hS blend cannot be extracted

from TEMT images. The TEMT images can, however, be

complemented by results from molecular-field calcula-

tions, examples of which are displayed in Figure 4. These

Figure 3. Probability density of the mean curvature (H)
generated from TEMT images of the ordered (*) and disordered
(*) bicontinuous morphologies in Figure 1 and 2. Included are
data for the G morphology in a neat SIS copolymer (~).[20] The
solid lines connect the data, and the dashed line identifies H¼ 0.
The inset shows the relationship between interfacial area/volume
(S) and two curvature metrics (C.M.): sH (&) and hHi (&). The
solid lines are linear regressions.
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calculations have been performed for SI/hS blendswith two

different hS volume fractions, 0.30 (Figure 4a) and 0.34

(Figure 4b), to ascertain the influence of composition on

predicted phase behavior by using the MesoDyn software

package, which considers dynamically evolving molecular

fields and which, unlike equilibrium SCFT, can eluci-

date highly defective morphologies and mechanistic

pathways.[31] The experimental composition of the blend

is calculated to be �31 vol.-% hS. The simulations

illustrating the I distribution can be compared directly with

the TEMT images, since the stain-induced contrast in TEM

delineates the styrene and diene moieties. It is important to

recognize that the I microdomains are irregularly shaped,

with some possessing a near-circular cross-section and

others appearing more layer-like. This characteristic is

consistent with the 2D and 3D TEMT images provided in

Figure 2b and 2d, respectively. Close examination of the hS

and S distributions included in Figure 4 reveals that a large

fraction of the imbibed hS tends to locate near the center of

the S/hS microdomains. At 34 vol.-% hS, evidence of

macrophase separation, which lowers the concentration

of hS in one phase while increasing it in the other, is

observed in the simulations. This result is consistent with

the experimental morphologies displayed in Figure 1 and 2.

As expected, the S blocks reside primarily at the interface

separating the I-rich channels from the hS-rich matrix.

Fourier analysis of the MesoDyn simulations shows that

L gradually increases from 74 to 94 nm with increasing

calculation time at 30 vol.-%hS, and quickly increases from

77 to 155 nm at 34 vol.-% hS. At the high hS concentration,

macrophase separation occurs and the range over which L

swells during coarsening spans the measured unit cell sizes

of both morphologies in Figure 1 and 2. An ordered bi-

continuous morphology does not, however, develop even

after longer (12.5�) calculation times. While long-range

order may eventually evolve, this observation may alter-

natively indicate that the free energy difference between the

ordered and disordered bicontinuous morphologies is not

large or that slow phase-separation kinetics permit dyna-

mically-evolving intermediate structures or fluctuations

near the order-disorder transition[32] to be frozen-in. Irres-

pective of the degree towhich phase equilibrium is attained,

the combination of quantitative TEMT analysis[20,21,33,34]

and molecular-field modeling[31] provides a powerful set of

tools by which to examine the structural attributes and

molecular arrangement of complex structural motifs.

Conclusion

Coexistence of ordered and disordered bicontinuous mor-

phologies in block copolymer/homopolymer blends sup-

ports the SCFT predictions of Matsen,[25] and further

implies that the degree of order in such a system may be

physically adjusted. Composition-tunable bicontinuous

order augments existing paradigms established for mor-

phologies and nanostructural dimensions, and may ulti-

mately provide a facilemeans bywhich to achieve desirable

Figure 4. MesoDyn simulations of SI/hS blends that differ in composition (vol.-%
hS): a) 30 and b) 34. The color scale denotes the concentration of hS (left), S (middle),
or I (right). These simulations were performed with a single S–I interaction parameter
and did not differentiate between S units along the copolymer or homopolymer chains.
The time increment (Dt) depends on the diffusivity (D) and grid size (Dx) by
Dt¼ 0.009Dx2/D.
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transport or mechanical properties. The analyses reported

here establish the structural similarities and differences

between coexisting ordered and aperiodic bicontinuous

morphologies in a block copolymer/homopolymer blend.

This unique blend further elucidates the complex phase

behavior of block copolymer systems and likewise consti-

tutes a good physical model of coexisting bicontinuous

phases encountered in biological systems (e.g., polymorphs

observed in plant cytomembranes[35]).
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