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We have investigated a variety of polymer systems containing block or graft copolymers in order to search 
for new classes of microphase-separated structures other than the 'classical morphologies' such as lamellae, 
cylinders and spheres. The topological significance of these novel structures is that their interfaces have 
curvatures characteristic of hyperbolic surfaces. Systems exhibiting such structures can be divided into two 
groups: they are (a) polymer mixtures containing at least one block copolymer (e.g. block copolymer/ 
homopolymer mixtures and block copolymer/block copolymer mixtures) and (b) block or graft copolymers 
with complex molecular architecture (e.g. star-block copolymers, graft-block copolymers, multicomponent 
multiblock copolymers, etc.). Copyright © 1996 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

In addition to popular morphologies, such as lamellae, 
cylinders and spheres, ordered bicontinuous morpholo- 
gies, such as OBDD 1,2 and gyroid 3, and mesh mor- 
phology 4 of microdomain structures have been detected in 
block copolymer systems. Those new morphologies 
belong to a new class of microdomain structures, whose 
interfaces are hyperbolic surfaces, and are important from 
both academic and industrial points of view. Mathe- 
matical modelling of microdomain interfaces with a 
variety of hyperbolic surfaces leads to predictions of 
a number of novel morphologies. In this paper we present 
some evidence for such structures and suggest a variety 
of ways- - f rom simple to elaborate-- to create such 
structures. 

The standard classification of  the microdomain 
morphology of  block and graft copolymers consisted of 
three types, i.e. lameUae, cylinders and spheres. This 
scheme was established in the early stage of the history 
of block and graft copolymer studies 5 9. Simple and 
familiar shapes from everyday life were introduced to 
explain the experimental observations. However, such 
a classification was largely a matter of  convention 
only. In fact there was no theoretical support for such 
a limited range of  morphologies. Even in the early stages, 
careful observations led some authors to suggest the 
possibility of bicontinuous network structures of high 
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symmetry 9'1°. It is now clear that a range of exotic 
morphologies other than lamellae, cylinders and spheres 
can occur ~ 4,J~. An appropriate classification of  micro- 
domain morphologies, including these novel domain 
shapes, is necessary. 

The microdomain morphology can be described by 
the shape of  the interface between two phases, i.e. the 
local curvatures of  the interface (the local aspect), and 
the topological continuity of the interface in space (the 
global aspect). Therefore, interfacial curvature is a key 
parameter to classify microdomain morphologies. 

A curve has a well-defined curvature at each point, 
which corresponds to the inverse of  the radius of a circle 
which most closely approximates the curve in the vicinity 
of  the point of  interest (called the osculating circle). The 
sign of the curvature depends on the location of  the 
centre of the osculating circle: if it lies on the same side 
of  the curve as the normal vector, it is positive (e.g. a 
convex curve), if the centre lies on the other side of  the 
curve, it is negative (concave). Similarly, a surface has 
two principal curvatures which can be found at each 
point as follows (see Figure 1). A set of planes, all 
containing the normal vector to the surface at the point, 
intersects the surface in a set of  planar curves, whose 
"sectional curvatures' can be reckoned as for any planar 
curve. The most positive and most negative curvatures 
among all planar sections are the principal curvatures, 
kl and k2. These curves are always orthogonal. The 
Gaussian curvature (K) of the surface at that point 
is equal to the product of  these curvatures (with sign); 

POLYMER Volume 37 Number 17 1996 3825 



Hyperbofic interfaces." H. Hasegawa et al. 

V 

I 
~/2 

[ ,-co 

k l =  I / R  1 k2=  -1 /R  2 
(max) (rain) 

Figure 1 The principal curvatures, kl (maximum) and k, (minimum) 
at a point P on a surface. In this example, the surface is a saddle, so the 
curvatures are positive and negative, respectively 
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Figure 2 Classification of surfaces by Gaussian curvature, K - k l k  2. 

(a) Elliptic surface (K > 0), e.g. spheres: kt = k2 > 0; (b) parabolic 
surface ( K -  0), e.g. cylinders (upper): kl > 0, k2 = 0 and planes 
(lower): kl = k2 = 0; (c) hyperbolic surface (K < 0), e.g. saddle: kl > 0, 
k 2 < 0  

the mean curvature (H) is the average value of these 
curvatures. 

and 

K =  klk2 

I-I = (k, + k2 ) /2  

Surfaces can be classified into three broad categories, 
elliptic, parabolic and hyperbolic (see Figure 2), depend- 
ing on the value of Gaussian curvature, K. Elliptic 

geometry is characterized by positive Gaussian curvature, 
so that the surface is convex, or synclastic (Figure 2a). This 
includes spheres and ellipsoids. Parabolic surfaces have 
vanishing Gaussian curvature, so that one of the principal 
curvatures is zero (this curve is thus a straight line). This 
class includes planes and cylinders (Figure 2b). The 
geometry we shall deal with in this paper, hyperbolic 
surfaces, is characterized by negative Gaussian curva- 
ture, so that the surfaces are both concave and convex 
(principal curvatures of opposite sign), and are anticlastic, 
or saddle-shaped (Figure 2c). Minimal surfaces are 
characterized by zero mean curvature (H = 0) at all 
points on the surface. 

The conventional microdomain schema included only 
elliptic (spheres) and parabolic (cylinders and lamellae) 
geometries. However, there is no a priori reason to 
exclude hyperbolic geometries within the full schema. 
Bicontinuous microdomain structures--containing two 
interwoven continuous domains--are necessarily hyper- 
bolic. The most homogeneous hyperbolic interfaces-- 
with the smallest variations of Gaussian curvature-- 
which do not intersect themselves (i.e. are 'embedded') 
and generate a bicontinuous morphology are the 
embedded triply-periodic minimal surfaces. The D sur- 
face is such a triply-periodic minimal surface. It bisects 
space into two identical, intertwined, continuous net- 
works, whose tunnel axes in each network exhibit 
identical connectivity and geometry to the covalent 
bonding network in cubic diamond (hence the desig- 
nation 'D'). Each network has space-group symmetry 
Fd3m. The minimal surface, which also contains 
symmetry elements relating the two labyrinths, displays 
Pm3n symmetry. It thus offers a useful model to generate 
the 'ordered bicontinuous double diamond' (OBDD) 
morphology tentatively identified in some polymer 
systems. A detailed analysis will be reported else- 
where 12. Other simple bicontinuous structures related 
to triply periodic minimal surfaces (assumed to be 
embedded) include the gyroid surface, consisting of 
two chiral networks (of opposite handedness), each of 
symmetry I4132, (the actual minimal surface has 
symmetry group Ia3d) 3 and the P-surface, containing 
identical labyrinths, each of symmetry Pm3m (surface 
symmetry Im3m). Since more than 30 triply-periodic 
minimal surfaces, of various symmetries and topologies, 

13 15 have been reported to date - , a variety of bicontin- 
uous microdomain structures characterized by those 
surfaces may be physically accessible to polymer systems. 
In addition to these triply periodic structures, a variety of 
double-periodic surfaces, containing both elliptic and 
hyperbolic regions, called 'mesh' surfaces 4, are germane 
to polymer self-assembly. Further non-classical inter- 
facial shapes, such as constricted cylinders and wavy 
lamellael6--which also have local patches of hyperbolic 
form--can be envisaged. In some cases, these forms can 
be generated from simple deformation of triply-periodic 
minimal surfaces 4. 

EXPERIMENTAL 

We have examined the microdomain morphology of 
a variety of polymer samples, either synthesized by 
ourselves or supplied by our collaborators. The tech- 
nique we employed to judge the bicontinuity of the 
microdomain was transmission electron microscopy of 
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can result in complex patterns, sometimes resembling 
those of a bicontinuous structure. Detailed analysis 
will be published elsewhere 12. Therefore, assignation of 
morphology, specially in bicontinuous cases, must be 
done cautiously. 

(a) 

(b) 
Figure 3 (all Electron micrograph of an ultrathin section cut from a 
toluene-cast film of 80:20 (wt%/wt%) mixture of HY-12 (SI diblock 
copolymer) ~md HI-3 (PVME) stained with OsO 4, exhibiting lamellar- 
catenoid structure. (b) Electron micrograph of an ultrathin section 
cut from a toluene-cast film of 70:30 (wt%/wt%) mixture of HY-1 (SI 
diblock copolymer) and HI-3 stained with OsO4, showing the 
characterZisltic 'wagon wheel' pattern of the OBDD structure 

ultratohin sections of the cast films from solutions in 
neutral solvents. A Hitachi H-600 transmission electron 
microscope (EM) with accelerating voltage of 100kV 
and an LKB 4800A Ultrotome were used. The OBDD, 
gy'roid, or related structures 1-3 can be identified by 
characteristic 'wagon wheel' patterns, of approximate 3- 
or 6-fold rotational symmetry, provided sections of 
appropriate crystallographic orientation can be seen in 
the EM. However, in general, it is not easy to distinguish 
bicontinuous or mesh morphologies from more classical 
morphologies of elliptic or parabolic geometry (espe- 
cially cylinders), as the electron microscopic images 
change dramatically with the sectioning direction (or 
angle) through the structure, section thickness and 
observation angle (i.e. the tilt of the sample stage of the 
electron microscope). We have developed a computer 
program for the simulation of the electron microscopic 
images of various microdomain morphologies including 
bicontinuous structures and simple morphologies (such 
as cylinders and spheres) as a function of the sectioning 
direction, section thickness and observation angle 12,17. 
This simulation procedure significantly aids the detec- 
tion of microdomain morphology, as typical sections 
of bicontinuous morphologies are very complex. We 
have also found that hexagonally packed cylinders 

RESULTS 

The polymeric systems in which bicontinuous mor- 
phologies were observed were: (1) AB block copolymer/ 
C homopolymer mixtures, (2) block copolymer/block 
copolymer mixtures, (3) multicomponent copolymers, (4) 
star block copolymers, (5) graft-block copolymers, and 
(6) tapered-block copolymers. 

AB block copolymer/C homopolymer mixtures 
Winey et al. 18 have investigated extensively mix- 

tures of AB block copolymer and A homopolymer 
to determine the composition range of the OBDD 
morphology. They used polystyrene-block-potyisoprene 
(SI) and polystyrene-block-polybutadiene (SB) as AB 
block copolymers, and polystyrene (PS), polyisoprene 
(PI) and polybutadiene (PB) homopolymers. They 
successfully obtained the OBDD morphology for 
certain pairs of the blends although their composition 
range for the morphology (64-67vo1% PS) was as 
narrow as that (62-66vo1% PS) we found in neat SI 
linear diblock copolymers 1. Spontak et al. examined 
the range of molecular weight of PS block and its ratio 
to that of PS homopolymer in the OBDD-forming SI 
diblock copolymer/PS homopolymer blends with a 
fixed bulk composition of 66 vol% PS 19. 

When component A and component C are miscible 
in AB block copolymer/C homopolymer blends, homo- 
polymer C may be solubilized in the A microdomain of 
the block copolymer in the strong segregation regime 
of the block copolymer. Solution-cast films of AB 
block copolymer/C homopolymer mixtures may exhibit 
uniform microdomain structures without liquid-liquid 
phase separation between AB block copolymer and C 
homopolymer in a limited range of blend compo- 
sitions 2°-22. Bicontinuous morphologies can also be 
expected for such systems. In fact, we have reported a 
bicontinuous structure lacking long-range order, found 
in a film of 80:20 (wt%/wt%) mixture of SI diblock 
copolymer (HY-12: mn,tota 1 = 5.24 x 105, Mw/Mn = 
1.16, PS/PI = 52 : 48wt%/wt% = 49 : 51 vol%/vol%) 
and poly(2,6-dimethylphenylene oxide) (PPO: Mn = 
1.17 x 104, M w / m  n = 3.64) prepared by quick casting 
of 10% solution in toluene 2°. In this case, the interface 
between the PI and PS/PPO domains has appreci- 
able mean curvature: it is curved more towards the 
PI domains than the PS/PPO domains. Thus, the PI 
microphase forms a three-dimensional network and the 
microphase of PS/PPO mixture forms the matrix. Xie 
et al. reported the observation of the OBDD structures 
in the blends of polystyrene-block-polybutadiene-block- 
polystyrene triblock copolymer and poly(vinyl methyl 
ether) (PVME) over the composition range of 33- 
37 vol% of mixed phase of PS and PVME 23. 

Here, we would like to show two more examples. The 
neat block copolymers adopt a lamellar morphology for 
both cases. Figure 3a shows an electron micrograph of 
an ultrathin section cut from a solution-cast film, with 
toluene as a solvent, of an 80 : 20 (wt%/wt%) mixture of 
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HY-12 (the same SI diblock copolymer as above) and 
PVME (HI-3: Mn = 2.7 x 104, M w / M  n = 1.40) stained 
with osmium tetraoxide (OsO4). The film exhibits 
microdomains throughout the specimen, with no evi- 
dence for macroscopic segregation of PVME. The 
structure in Figure 3a resembles the 'lamellar catenoid' 
structure, a bicontinuous microdomain structure 
reported by Thomas et al. 11 and Spontak et al. 19 The 
structure proposed by Thomas et al. 11 consists of 
alternating dark and light layers. Each layer of one 
phase contains catenoid-shaped channels of the other 
phase which are connected to the neighbouring layers: in 
principle any anisotropic triply periodic hyperbolic 
surface can display such a structure in the appropriate 
orientation(s). The catenoidal channels appear bright in 
the dark layers and dark in the light layers in the 
micrograph. Thus, both phases are continuous in three 
dimensions. While the domain geometry of our system 
exhibits similarities to their model, it contains important 
differences. Detailed analysis of this structure will be 
presented elsewhere 22. 

Figure 3b was obtained for 70:30 (wt%/wt%) 
mixture of another SI diblock copolymer (HY-I: 
Mn,tota! = 3.5 x 104, M w / M n  = 1.03, PS/PI = 55 • 45 
wt%/wt% = 52:48 vol%/vol%) and HI-3. This cast 
film exhibited coexistence of two kinds of microdomain 
structures: PI cylinders and the OBDD structure of 
PI networks. No isolated PVME phase was found. The 
electron microscopic image shown in Figure 3b is 
concerned with one kind of microdomain, showing the 
typical wagon wheel pattern (marked by white dashed 
lines) of the OBDD structure, which is observed in the 
section cut parallel to the (111) planes of the double- 
diamond lattice. The dark 'wagon wheels' in the micro- 
graph correspond to the two PI diamond networks. 

In contrast to the observation by Winey et a l l  8 we 
observed the bicontinuous microdomain morphologies 
for a significantly wide range of compositions in the SI 
diblock copolymer/PVME mixtures. The volume frac- 
tion of the mixed phase of PS and PVME in HY-12/HI-3 
80 : 20 mixture and HY-1/HI-3 70 : 30 mixture was 0.59 
and 0.65, respectively, according to our calculations, 
using a density of 1.052 for PS 1 , 0.925 (vinyl rich, HY- 12) 
or 0.913 (1,4-rich, HY-1) for p|1,24, and 1.047 for 
PVME 25. Thus, it appears that bicontinuous structures 
can be formed over a wider range of compositions in 
AB block copolymer/C homopolymer mixtures than 
in AB block copolymer/A homopolymer mixtures. It 
should be noted that the molecular weight of HI-3 
(PVME) is larger than that of the PS block chain of 
HY-1. In the case of SI diblock copolymer/PS homo- 
polymer mixtures, the PS homopolymer does not swell 
the PS block chains and the lamellar morphology is 
expected to remain unchanged if the homopolymer 
molecular weight is comparable to or greater than 
that of the corresponding block chains ('dry brush' 
regime) 26'27. The apparent transition from lamellae to 
OBDD by adding PVME suggests swelling of the PS 
block chains by the PVME homopolymer. This may 
be explained by better affinity (negative X) 25 between 
PS and PVME than that between PS block chain and PS 
homopolymer. 

We have also observed the coexistence of cylindrical 
and OBDD morphologies, found in a HY-1/HI-3 70 : 30 
mixture. In this case there is a possibility of macrophase 

Figure 4 Electron micrograph of an ultrathin section cut from a 
toluene-cast film of 50:50 (wt%/wt%) mixture of two SI block 
copolymers, HK-7 and HS-10 stained with OSO4, exhibiting an OBDD 
morphology with the PS diamond networks indicated by dashed lines 

separation between HY-1 and HI-3 during solvent 
evaporation. The concentration fluctuations induced by 
spinodal decomposition may cause the spaltial variation 
of microdomain morphology, as detected in films 
containing HY-12/PPO mixtures cast slowly from 
toluene solutions 2°. Winey et al. TM also reported the 
observation of the coexistence of two morphologies, 
lamellar and cylindrical, although no :macrophase 
separation was expected for their mixtures. 

Block copolymer/block copolymer mixtures 

Schwier et al. 2~ have reported that a solution-c, ast 
film (with toluene) of a mixture of three ~;B dibloek 
copolymers with different PS/PB ratios and molecular 
weights exhibits a bicontinuous morphology, namely a 
disordered three-dimensional network of PB phase in 
the PS matrix. In their case, the volume fraction of PS 
in the mixture was 0.75, which is far from the ordinary 
composition range of the bicontinuous struc:ture.. The 
same mixture had the morphology of PB cylinders in 
PS matrix, when it was cast from solution in a m~xed 
solvent of tetrahydrofuran (THF) and methylethyl- 
ketone (MEK), which has poor affinity with the PI 
component. They also showed that the bicontinuous 
morphology is superior to the cylindrical morphology in 
terms of mechanical properties. 

The change of microdomain structures with comipo- 
sition in block copolymer/block copolymer mixtures 
was studied by Hadziioannou and Skoulios 29 by means 
of small-angle X-ray and neutron scattering. Th, ey 
reported the morphological transition from lamellae Ire 
cylinders for binary mixtures of block copolymers which 
show lamellar and cylindrical morphologies on their 
own. This result seems to be reasonable. We have also 
studied microdomain structures in SI block copolymer] 
SI block copolymer mixtures by means of small-angle' 
X-ray scattering and electron microscopy. The results of' 
our study have been discussed elsewhere 30. In the course 
of this study, however, we observed a peculiar pheno- 
menon. The toluene-cast film of 50:50 (wt%/wt%) 
mixture of two SI block copolymers (HK-7: Mn,total -- 
3.19 x 104, M w / m  n = 1.09,PS/PI = 35 : 65wt%/wt% = 
32 : 68 vol%/vol%, and HS-10: Mn,tota I = 8.14 x 104, 
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Figure 5 Electron micrograph of an ultrathin section cut from a 
toluene-cast film of polyisoprene-block-polystyrene-block-polyisoprene- 
block-poly(4-vinylbenzyl dimethylanfine)-block-polyisoprene three- 
component pentablock copolymer (TUN-1003) cast from toluene 
solution stained with OSO4, showing the 'wagon wheel' pattern of the 
OBDD structure 

Mw/Mn = 1.13, PS/PI = 63 : 37 wt%/wt% = 60 : 40 
vol%/vol%)--both  of which adopt a lamellar mor- 
phology in their neat films--exhibits an OBDD (or 
related) structure, as shown in the electron micrograph 
of Figure 4. The volume fraction of PS in the mixture 
was 0.46 which is again far from the composition range 
(28-33 vol% ~8 or 62-66vo1% PS 1) of the bicontinuous 
structure in neat SI linear diblock copolymers. In this 
case bright PS microdomains form the diamond net- 
works, indicated by dashed lines in the matrix of PI 
microphase. The same specimen also contains the 
morphology with PI cylinders as the 50:50 mixtures of 
HY-1/HI-3 described in the previous section. The 
reproducibility of this phenomenon has been confirmed. 

Multicomponent multiblock copolymers 
The microdomain morphologies of ABC 31-34 or 

ABACA-type 3s linear three-component multiblock 
copolymers have been investigated by several research 
groups. Three-component multiblock copolymers can 
exhibit a greater variety of morphologies than two- 
component block copolymers. For example, in addition 
to the single morphologies such as lamellae of three 
planar phases with ABCB repeat sequences, AB coaxial 
cylinders in a C matrix and spheres with an A phase 
core and a B phase shell in a C matrix, a combination of 
two morphologies, such as AB alternating lamellae 
with C spheres in B layers, has been reported. However, 
these analyses were all based on the three classical 
morphological types: lamellae, cylinders and spheres. 

Mogi et al. 36 observed another type of OBDD 
structure in polyisoprene-block-polystyrene-block-poly- 
2-vinylpyridine triblock copolymers. According to their 
observations by electron microscopy each of the PI and 
poly-2-vinylpyridine (P2VP) microphases forms one of 
the diamond networks of the OBDD structure and the 
interstitial hyperbolic sheet separating the networks is 
filled with PS. Therefore, all three phases are continuous 
in three dimensions, accordingly they named this 
structure the 'OTDD' (ordered tricontinuous double 
diamond) structure. The volume fraction of PS for this 
structure was 0.48-0.59 and the PI and P2VP micro- 
phases have nearly equal volume fractions. 

We too have found the OBDD (or related) morphology 
in such a complex system 37. Figure 5 shows an electron 
micrograph of polyisoprene-block-polystyrene-block- 
polyisoprene-block-poly(4-vinylbenzyl dimethylamine)- 
block-polyisoprene three-component pentablock copoly- 
mer (TUN-1003: Mn,total = 1.94x 105) cast from a 
solution in toluene. The weight fraction of each block 
was 0.09, 0.38, 0.07, 0.38 and 0.08, respectively. Since 
the ultrathin section was stained with OSO4, the PI and 

lOOnm 

~ ~ - - _ _ . ~  /mesh sheet 
/ B a l l .  . /  
' ~ ~  Ulmmfllm section 

a b 

Figure 6 Electron micrographs of the OsO4-stained ultrathin section of toluene-cast film of 70:30wt%/wt% blend of polystyrene-block- 
polybutadiene radial block copolymer (KR03) and polystyrene (TS23) exhibiting a mesh morphology: ultratbin sections cut perpendicularly (a) and 
parallel (b) to the film surface corresponding to the sections normal and oblique to the mesh sheets, respectively, as illustrated in the insertion 
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Figure 7 Electron micrographs of the OsO4-stained ultrathin section 
of benzene-cast film of polystyrene-block-(poly-4-vinylphenyldimethyl- 
vinylsilane-graft-polyisoprene) (YSF-12), exhibiting a new type of 
bicontinuous morphology 

100nm 
L..._.a 

(a) 

(b) 
Figure 8 Electron micrographs of the OsO4-stained ultrathin section 
of toluene-cast film of SI tapered-block copolymer (TB-3), exhibiting 
a bicontinuous morphology 

poly(4-vinylbenzyl)dimethylamine (P4VBDMA) compo- 
nents appear dark in the micrograph 32. Figure 5 shows 
a typical wagon wheel image, characteristic of the OBDD 
or related structures, indicated by the white dashed 

lines. From detailed analysis 37 it is clear that the OBDD 
networks consist of inner P4VBDMA microphase and 
outer PI microphase. The PS microphase fills the 
hyperbolic sheet between the networks, rather than 
the networks themselves, despite the fact that its volume 
fraction is only 0.33. 

It should be noted that some new complicated 
morphologies were recently reported by Stadler et al. 
for ABC triblock copolymers 3s. 

Star block copolymers 
Star (or radial) block copolymers have a non-linear 

molecular architecture, i.e. more than three diblock 
copolymers are bundled at one end by covalent bonds. 
The wagon wheel pattern which was analysed by Thomas 
et al.2'~rwas first observed by Aggarwa139 for an SI star 
block copolymer having 15 arms on average and 30 wt% 
PS. Thomas et al. observed the formation of the OBDD 
structure for SI star block copolymers with PS volume 
fractions of 0.27-0.38 (ref. 40). In these cases PS forms 
double diamond networks and PI forms the matrix. 

We have observed a bicontinuous morphology in 
60:40 (wt%/wt%) mixtures of an SB star block 
copolymer (KR-03, Phillips Petroleum Co., Mn.tota I = 
8.0 × l04, Mw/Mn = 1.96, PS/PB = 24 : 76, four arms 
on average) and PS homopolymer (TS23, TOSOH Co., 
Ltd, M n = 2.8 × 10 3, M w / M  n --  1.05) 4. The volume 
fraction of PS in the mixture is estimated to be 0.73. 
The microdomain morphology of neat KR-03 is 
lamellar, indeed we have not observed a bicontinuous 
morphology in the neat star block copolymer. In the 
70:30 mixture we have found a 'mesh' structure 
(Figure 6) 4. This morphology is not a bicontinuous 
structure since the three dimensional mesh morphology 
is generated by stacking of discrete mesh layers. Figure 6 
(a, b) corresponds to the sections normal and oblique to 
the mesh sheets, respectively, as illustrated in the inset. 

Graft-block copolymers 
Graft copolymers are typical examples of copolymers 

having block sequences and nonlinear architecture 
which also exhibit microphase separation in the segrega- 
tion regime. A sophisticated technique was developed 
to control the number and molecular weight of the 
branches 41 . Since AB block copolymers with a controlled 
number of functional groups in B block are synthesized 
first, followed by the growth or coupling or C chains on 
the B blocks, the final product is called a 'graft-block 
copolymer 41. Figure 7 shows an electron micrograph of 
the OsO4-stained ultrathin section of solution-cast film 
(with benzene) of polystyrene-block-(poly-4-vinylphenyl- 
dimethylvinylsilane-graft-isoprene) (YSF-12: Mn,total 
4.3 × 105, Mn, PS = 2.4 × 105, Mn,p! = 1.8 × 104, l0 
branches/chain on average) kindly supplied by the late 
Professor T. Fujimoto. The molecular architecture of 
this polymer resembles a toothbrush, i.e. the PI chains 
are grafted only on the very short poly-4-vinylphenyl- 
dimethylvinylsilane (PVPDVS) block chain which is 
connected to one end of the PS chain. Therefore, 
PVPDVS block chains are unable to form an inde- 
pendent microdomain on their own, and may be located 
at interfaces between the PS and PI microdomains. Thus, 
YSF-12 should essentially exhibit a microdomain struc- 
ture of the two-phase system consisting of a (dark) PI 
phase and a (light) PS phase. This implies that the gray 
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A block chain _ long B block chain 

Bb  

(a) (b) (c) 
Figure 9 Schematic illustration of the packing of the block chains in a bicontinuous microdomain structure. (a) Neat block copolymer system. Block 
chain A must be more stretched than block chain B. (b) Block copolymer/homopolymer mixture. Space in the centre is filled with homopolymers. (c) 
Block copolymer/block copolymer mixture. (A) Long block chains; (B) short block chains 

Interface 

A chain 

- Minimal Surface 

B c h a m ~  

A chain ~ 

~ . ~  Microdomain Interface 

Figure 10 Schematic illustration of the packing of the graft-block 
copolymer in a bicontinuous microdomain structure. The densely 
packed grafted chains form a bimolecular sheet on a 3D periodic 
minimal surface and more flexible long block chains form a pair of 
interwoven 3D networks 

region observed in the EM image is due to projection 
through both PS and PI microdomains. The micrograph 
shows a peculiar pattern, revealing a periodic bicontin- 
uous structure which cannot be explained by reported 
bicontinuous structures such as the OBDD, gyroid or 
'lamellar catenoid'. Analysis of this structure is in 
progress. 

Tapered-block copolymers 
SI tapered-block copolymers are linear block copoly- 

mers in which the composition (the content of isoprene 
and styrene monomers) varies continuously from one 
end to the other along the copolymer chain. The 
concentration of isoprene monomeric units gradually 

increases along the chain. The synthesis technique is 
described elsewhere 42. These copolymers also undergo 
microphase separation, although their mechanical prop- 
erties are quite different from ordinary SI block 
copolymers ~2. Figure 8 shows the electron micrographs 
of the OsO4-stained ultrathin section of toluene-cast 
film of SI tapered-block copolymer [TB-3: m n , t o t a  l = 
1.06 × 105, Mw/Mn = 1.09, styrene content 45wt% 
(42 vol%)]. The microdomains clearly form the OBDD 
or related structure, where the PI-rich domains form 
the interwoven networks, separated by a PS-rich 
matrix--evidenced by the characteristic wagon wheel 
pattern (Figure 8a). The rectangular lattice pattern with 
vague horizontal lines and distinct vertical lines in part b 
of the figure can be recognized as the [211] projection of 
the double diamond lattice 1'2. 

DISCUSSION 

Characteristics of the systems exhibiting bicontinuous 
structures 

We have observed bicontinuous morphologies in a 
wide range of polymeric systems. These include AB 
block copolymer/C homopolymer mixtures, block 
copolymer/block copolymer mixtures, multicomponent 
multiblock copolymers, star block copolymers, graft- 
block copolymers, and tapered-block copolymers. To 
date, these complex systems have not been investigated 
as frequently as ordinary systems, such as neat AB 
diblock or ABA triblock copolymers. Nevertheless, we 
have observed bicontinuous morphologies as frequently 
as other morphologies in these more complex systems. 
These systems apparently form a bicontinuous micro- 
domain morphology over a wider range of compositions 
than found in simple systems. This fact implies that the 
former systems have a greater tendency to form 
bicontinuous morphologies than the latter. 

At a theoretical level, these apparently disparate 
observations can be collected into two phenomena. 
First, the studies of mixed systems suggest that the 
admixture of extra polymeric components to homo- 
geneous copolymer aggregates seems to promote the 
formation of bicontinuous domains. This result has 
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been theoretically predicted elsewhere 43 in the strong- 
segregation regime of linear diblock copolymer self- 
assembly. The prediction was made by reconciling local 
and global constraints in ideal strongly segregated 
rubber-like polymer systems. If the conformational 
entropy of the copolymer chains is maximized as a 
function of the principal curvatures of the interface 
between the domains, the results depend strongly on the 
global geometric constraints imposed on the system by 
its composition. If the copolymer can adopt its optimal 
curvatures expected from local entropic constraints 
(i.e. the global and local constraints are compatible), 
we expect the formation of hyperbolic interfaces which 
may lead bicontinuous domains--over a significant 
range of diblock compositions. (This range extends 
from about 30% by volume of the minor block, up to 
almost equal block volumes.) This local optimization 
gives the 'spontaneous' or 'preferred' curvatures of the 
interface. However, global constraints often prevent 
the adoption of these spontaneous curvatures. For 
example, in pure diblock copolymer systems, the relative 
volume requirements of each domain cannot be satisfied 
if the system takes up its spontaneous curvatures. In this 
pure system then, the formation of a bicontinuous 
morphology (or any hyperbolic geometry, including the 
mesh architecture) is strongly suppressed. 

Principles to produce bicontinuous microdomain structures 
The effect of adding extra components to the system 

is to relax these global constraints. For example, the 
presence of homopolymer allows the formation of a 
range of curvatures by the interface between the blocks, 
since voids in the resulting global domains (Figure 9a) 
can be filled with homopolymer (Figure 9b). A similar 
effect is expected using block copolymers with a 
distribution of block chain-lengths (Figure 9c). In both 
cases, the system is able to relax the global constraints, 
so that the interface can move towards its preferred 
curvatures with the assistance of the polymeric additives, 
which act as molecular 'fillers' (Figure 9). A further 
geometric constraint must also be considered in this 
context, namely the ability of the system to adjust to the 
curvature inhomogeneities which are required in all 
global realizations of hyperbolic interfaces which are free 
of self-intersections 44. Again, this energy barrier can be 
overcome more readily by mixed systems than pure ones. 
These inhomogeneities are smallest in the case of the 
gyroid and D surfaces. Clearly, in mixed systems, other 
surfaces can result. These theoretical expectations are 
spectacularly borne out by the experimental observa- 
tions reported in this paper. The range of bicontinuous 
microdomain patterns is much larger in mixed ~vstems 
than in pure systems. 

The experimental data suggest that the formation of 
bicontinuous structures can also be promoted by using 
copolymers of more complex molecular architecture 
than the linear diblock molecules, such as tapered- 
block, graft-block and star-block copolymers. The 
tapered-block molecules suggest that the presence of 
hyperbolic interfaces is not confined to strongly- 
segregated molecules. The presence of bicontinuous 
phases in the graft-block case is being investigated 
theoretically. We believe that in this case, the unusual 
molecular geometry promotes the formation of bilayer- 
type laminated aggregates as schematically illustrated 

in Figure 10. The large asymmetry in block volumes 
then forces the system to adopt a hyperbolic geometry. 
This proposal requires further analysis, but preliminary 
calculations are promising. 

CONCLUSIONS 

We propose a new classification for the structures 
formed by the microphase separation of block or graft 
copolymers. According to the sign of Gaussian curva- 
ture (K) of the interfaces, the structures can be classi- 
fied into elliptic (K > 0), parabolic ( K = 0 )  and 
hyperbolic (K < 0) geometries. Bicontinuous and mesh 
morphologies belong to the hyperbolic realm: the 
continuity of domains is governed by the nature of 
the hyperbolic interface, containing both positive and 
negative sectional curvatures. Embedded triply periodic 
minimal surfaces, which are hyperbolic surfaces, offer 
useful geometric models for ordered bicontinuous 
microdomain structures with high symmetry. For 
example, the OBDD morphology is topologically iden- 
tical to the D-surface. The existence of over 30 periodic 
minimal surfaces suggests the possibility of the existence 
of many different ordered bicontinuous microdomain 
morphologies, some examples of which are presented 
in this paper. 

Two distinctive features are found in polymeric 
systems which exhibit bicontinuous microdomain struc- 
tures. One is that they are polymer mixtures containing 
at least one block copolymer. Either a distribution in 
the block chain lengths, or the presence of additional 
homopolymers (of appropriate molecular weight), 
allows the adoption of variable interfacial curvatures-- 
essential to hyperbolic forms in our space--whilst 
maintaining uniform segment density of the chains. 
Therefore, mixing two block copolymers and mixing 
homopolymers into block copolymers are simple ways 
to obtain bicontinuous nanodomain structures. The 
other feature of systems exhibiting the bicontinuous 
microdomain structures is that they are neat block 
copolymers with relatively complex molecular architec- 
tures. The resulting copolymer aggregate geometry is 
strongly constrained by the complex molecular architec- 
ture, effecting the formation of bicontinuous micro- 
domain structures. However, sophisticated techniques 
are required to produce those polymers. 
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