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Interfacial and topological measurements of bicontinuous polymer morphologies
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Bicontinuous morphologies are ubiquitous in nature and occur at various length scales. Topological features
of two such morphologies arising in an ordered block copolymer at equilibrium and a polymer blend during
spinodal decomposition are measured from three-dimensional images. Interfacial curvature, coordination num-
ber, and interjunction distance distributions exhibit remarkable similarity in these systems, despite vastly
different length scales. A channel coordination of 3 is dominant in both morphologies, and topological mea-
surements such as the Euler-Poincare´ characteristic and genus are reported.

DOI: 10.1103/PhysRevE.64.010803 PACS number~s!: 61.41.1e
ti-
u
a
s
y.
ev

-

in
ic

t

e
-
us
de

o
a
in
-
la

m
om

t t
ct

u
n
o

th

ing
ts
c-
per

-

en-
to
lex

be
ies,

lo-
nd

o-
ro-

ight

w-
s of

s of
red
mer
ron
i-

n.

-

rlier
ted
Interpenetrating network morphologies exhibiting bicon
nuity occur naturally at different length scales in numero
systems of biological and physical interest. Detailed char
terization of such morphologies, which may appear gros
similar, is often hindered by their topological complexit
Block copolymers and their blends, for instance, exhibit s
eral bicontinuous nanostructures, including the gyroid@1#,
perforated lamellar@2#, sponge@3# and microemulsion@4#
morphologies. This is due principally to immiscibility be
tween the dissimilar constituent sequences@5,6#. A subtle
balance between interfacial tension and molecular pack
frustration dictates the local shape of the interface, wh
ultimately determines the global morphology@7,8#. These
bicontinuous polymer nanostructures are widely believed
share common topological features with other examples
soft-condensed matter that are also capable of spontan
molecular self-organization~e.g., surfactant and lipid sys
tems! @9,10#. At larger length scales, transient bicontinuo
morphologies measuring on the order of micrometers
velop during the spinodal decomposition~SD! of phase-
separating liquid mixtures. In this case, the onset of morph
ogy formation reflects thermodynamic instability, where
structural evolution is again driven by an overall reduction
interfacial area@11,12#. An example of a bicontinuous mor
phology measuring on the order of millimeters is trabecu
bone@13#.

Direct measurements of local and global structural para
eters are requisite for the complete characterization of c
plex bicontinuous morphologies. Mean~H! and Gaussian~K!
interfacial curvatures constitute structural parameters tha
gether describe the local shape of the interface. As predi
@7# and confirmed experimentally@8#, the averagesand dis-
tributions of these parameters are essential for a thoro
understanding of the molecular origin and stability of bico
tinuous nanostructures. Quantitation of the time evolution
interfacial curvature distributions can likewise elucidate
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mechanism responsible for interfacial development dur
phase separation@12#. In contrast, topological measuremen
of bicontinuous morphologies would provide global stru
tural details, such as the number of intersecting channels
junction ~the coordination number,Nj ) and the distance be
tween adjacent junctions~the interjunction distance,D j ).
Such measurements yield another important, but experim
tally unexplored, set of structural parameters by which
characterize and compare, in quantitative fashion, comp
morphologies.

The value ofNj is particularly important with regard to
the assignment of bicontinuous morphologies, since it can
used to differentiate between closely related morpholog
such as the gyroid (G, Nj53) and diamond (D, Nj54).
Additional parameters that further serve to classify topo
gies on the basis of the number of existing junctions a
channels are the Euler-Poincare´ characteristic (x) and genus
~g! @10#. Prior attempts to measure the interfacial and top
logical characteristics of complex nanostructures in recip
cal space by scattering methods have provided little ins
into the local and globalshapeandconnectivityof complex
block copolymer nanostructures. Such information can, ho
ever, be gleaned directly from real-space measurement
three-dimensional~3D! images@8#. In this work, we measure
the interfacial curvatures and several topological feature
two bicontinuous polymer morphologies, one in an orde
block copolymer and the other in a phase-separated poly
blend, from 3D images obtained by transmission elect
microtomography~TEMT! and laser-scanning confocal m
croscopy~LSCM!, respectively.

A poly(styrene-b-isoprene-b-styrene) ~SIS! triblock co-
polymer was synthesized via living anionic polymerizatio
Its number-average molecular weight,M̄n , and polydisper-
sity index were 8.33104 and 1.09, respectively, and its com
position was 32 vol% styrene~S!. Specimens for TEMT
were produced according to the protocol described ea
@3,14#. The SD polymer blend was composed of deutera
polybutadiene~DPB! and polybutadiene~PB!. The M̄n val-
ues and polydispersity indices were 8.93104 and 1.07, re-
©2001 The American Physical Society03-1
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spectively, for DPB and 12.73104 and 1.12, respectively
for DPB. The DPB blend exhibited an upper critical soluti
temperature at a composition of 46 vol% DPB. A 37.8/62
v/v DPB-PB blend was homogenized and then anneale
40 °C for 2943 min, which induced late-stage SD. Volum
ric images of the phase-separated blend were acquire
LSCM, as detailed elsewhere@12#. Two-dimensional~2D!
slices of each 3D reconstruction were subjected to conv
tional image processing, and then binarized using an ap
priate threshold. The trajectory of the isointensity line cor
sponding to the threshold value was used to identify
interface, which was represented in 3D by first stacking
2D images and then applying the marching cube algorit
@15# to model the interface as contiguous triangles@16#. Ap-
plication of the sectioning and fitting algorithm@17# to each
resultant image furnished values ofH and K at randomly
selected points on each interface. As described elsewhere@8#,
numerous points were sampled to generate statistic
meaningful distributions ofH andK.

Figure 1~a! shows the reconstructed 3D image of the t
block copolymer nanostructure, which consists of two no
intersecting channel networks within a continuous mat
~The light and dark channels evident in this figure both r
resent the S microphase, but are shaded differently to d
onstrate that the two channel networks do not intersect.! For
the sake of clarity, the volume-filling I microphase is tran
parent. According to the reconstruction, this nanostructur
33 vol% S, in good agreement with the calculated compo
tion. Previous crystallographic analysis@8# reveals that this
nanostructure is consistent with theG morphology and pos-
sesses a characteristic length scale (L) of 74 nm. Displayed
in Fig. 1~b! is the reconstructed 3D image of the bicontin
ous SD morphology of the DPB-PB blend. In this case,
channels correspond to the DPB-rich phase, the volume f
tion of which is measured to be 0.37. As in Fig. 1~a!, the
volume-filling matrix ~PB! is rendered transparent to facil
tate visualization. Note that the two polymer systems poss
similar composition to facilitate comparison. Unlike the c
polymer nanostructure, the DPB-PB blend morphology c

FIG. 1. Three-dimensional images of bicontinuous morpho
gies in two composition-matched polymer systems:~a! theG nano-
structure in a microphase-ordered block copolymer~bar574 nm!
and ~b! the SD morphology in an off-critical polymer blend (ba
520.4 mm). In ~a!, the nonintersecting light and dark channe
correspond to the minority microphase, while the majority m
crophase is transparent. In~b!, the minority phase is shown, whil
the majority phase is transparent. Corresponding skeletal netw
generated after channel thinning are displayed in~c! and ~d!, re-
spectively.
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sists of a two-channel bicontinuous network in whichL
520.4 mm, as discerned from the position of the intens
maximum of the calculated structure factor.

The local shape of the interface in each of the 3D ima
provided in Fig. 1 can be described by a joint probabil
density of interfacial curvatures,P(H,K). Quantities charac-
terizing the local geometry of a bicontinuous interface
clude H and K, where H5(k11k2)/2 and K5k1k2 (k1
andk2 denote the principal curvatures at a given point on
interface!. From P(H,K), the probability densities of the
mean and Gaussian curvatures,PH(H) and PK(K), respec-
tively, can be calculated@12#. The curvature is arbitrarily
chosen to be positive if the center of the osculating cir
resides within the I microphase of the copolymer or the
phase of the polymer blend. To facilitate comparison,PH(H)
and PK(K) have been scaled with respect to the interfac
area per unit volume (S) in the following fashion:

P̃H~H̃ !5PH~H !S, P̃K~K̃ !5PK~K !S2. ~1!

Here, H̃5HS21 and K̃5KS22, with S equal to
0.070 nm21 for the copolymer and 0.136mm21 for the
blend. TheP̃H(H̃) and P̃K(K̃) determined from the two bi-
continuous morphologies shown in Fig. 1 are displayed
Fig. 2 and exhibit surprising similarity. In Fig. 2~a!, P̃H(H̃)
for each morphology exhibits a broad maximum atH̃,0, in
which case the area-averaged mean curvature is non-z
Most of PK(K̃) for each morphology in Fig. 2~b! resides at
K̃,0, indicating that each interface is mainly hyperbol
Despite the minor differences evident in Fig. 2, it is intrig
ing that the interfacial curvature distributions of these tw
bicontinuous morphologies differing in characteristic size
a factor of over 300 are so strikingly similar.

A skeletonizing algorithm based on the one proposed
Yasueet al. @18# has been developed@19#, which ~i! system-

-

ks

FIG. 2. Scaled probability densities~a! P̃H(H̃) and ~b! P̃K(K̃)
measured from the bicontinuous block copolymerG(s) and poly-
mer blend SD (d) morphologies.
3-2
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FIG. 3. Histograms of the co-
ordination number (Nj ) for ~a! the
G nanostructure and~b! the SD
morphology. In both cases, th
dominantNj is 3. Corresponding
histograms of the normalized in
terjunction distance (D j /L) are
provided in ~c! and ~d!, respec-
tively. The thick line denotesD j

evaluated along the network path
whereas the thin line represen
the linear distance between junc
tions.
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atically excludes junctions attached to the edge planes o
experimental volume element from statistical treatment,
~ii ! applies the Euclidean distance transformation@20# to en-
sure that each skeletonized network strand locates at the
ter of its precursor channel. Cursory examination of Fig
suggests that the skeletal network of theG nanostructure in
Fig. 1~c! is more regularly arranged than that of the SD m
phology in Fig. 1~d!. The average number of junctions p
crystallographic unit cell (Ncell) for the nanostructure is 11
which is in fair agreement withNcell515 measured from a
computer-generated constant-thickness~CT! model surface
of the G morphology based on the SchoenG surface~the
composition of this surface is 33/67 v/v to equal that of t
SIS copolymer@8#!. Note that the mathematically predicte
value of Ncell for the CT surface is 16. The discrepancy
Ncell between theG morphology and composition-matche
CT surface is attributed to the presence of defects in
grains or along the grain boundaries of theG morphology
~the CT SchoenG surface is free from such defects!. A com-
parison of the measured and predicted values ofNcell for the
CT surface demonstrates the level of accuracy in the
channel-thinning protocol employed here. In contrast to
G copolymer nanostructure,Ncell discerned from the SD
blend morphology is only 1.9, thereby confirming that t
junctions are more densely packed in the nanostructure.
tributions of the coordination number (Nj ) are displayed in
Fig. 3~a! for the G nanostructure and in Fig. 3~b! for the SD
morphology. Both morphologies possess, for the most p
three branches at each junction. Higher coordination nu
bers account for less than circa 13% of eachNj distribution.
Since the requisiteNj for the G morphology is 3, the statis
tical result thatNj;3 provides further experimental ev
dence that the copolymer morphology isG, which is consis-
tent with previous~but limited! observations@14#.

Shown in Fig. 3 are distributions of scaledD j for the
copolymer@Fig. 3~c!# and polymer blend@Fig. 3~d!#. Two
measurements ofD j are provided in each figure: one repr
sents the shortest distance between junctions~linear dis-
tance! and the other corresponds to the distance along
skeletal network~path distance!. Although common features
between theG and SD morphologies are evident in the i
terfacial curvature distributions~Fig. 2! and the coordination
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number distributions@Figs. 3~a! and 3~b!#, this is clearly not
the case with respect toD j . According to the data presente
in Fig. 3~b!, the G morphology exhibits maxima inD j at
0.40L ~linear! and 0.45L ~path!. These values are in favor
able agreement with those derived from the CT model s
face (0.40L!. The SD morphology of the polymer blend
however, exhibits a shoulderlike broad maximum inD j at
0.5–0.7L ~linear and path distances!. The data displayed in
Fig. 3~d! also reveal that, unlike theG nanostructure, the SD
morphology consists of a large population of junctions se
rated by surprisingly short distances in the range of 0
0.2 L.

The Euler-Poincare´ characteristic (x) can be estimated
from the total number of junctions~N! and the total number
of branches ~B! through x52N2B @21#. Here, B
5( i 50

N Nj ,i , whereNj ,i denotes the coordination number
the i th junction. Values ofx per unit cell are212.1 for the
G nanostructure and23.3 for the SD morphology. Corre
sponding values of the genus (g), another topological mea
sure characterizing the complexity of a network and rela
to x throughg512x/2, are 7.1 and 2.6, respectively. To p
this results in perspective, a surface with genusg is topologi-
cally equivalent to a sphere withg handles. For comparison
the CT model surface yieldsx5214.7 (216.0) and g
58.4 (9.0) ~values in parentheses are mathematically p
dicted quantities!. These values agree well with the corr
sponding values discerned for theG morphology in Fig. 1~a!.
Differences inx andg between theG nanostructure and the
composition-matched CT SchoenG surface are again as
cribed to defects and grain boundaries. According to
Gauss-Bonnet theorem of differential geometry,x is related
to the Gaussian curvature by 2px5*Kda5^K&S, whereda
denotes the area element of the surface andS is the interface
area, if the surface is closed. From this theorem, we estim
x to be211.0 for theG nanostructure and24.3 for the SD
morphology ~and 215.0 for the SchoenG surface!. Since
these values are reasonably close to those derived from
skeletonization analysis, the Gauss-Bonnet theorem app
to be applicable to these two bicontinuous morphologi
which can therefore be considered as closed surfaces.

In summary, topological parameters such asNj and D j
have been measureddirectly in two bicontinuous polymer
3-3
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morphologies, the characteristic size scales of which di
by a factor of more than two orders of magnitude. The int
facial area per unit volume is experimentally ascertained
each morphology, as is the interfacial area per copolym
molecule within theG nanostructure (3.1 nm2/molecule).
Interfacial curvature distributions characterize local morp
logical features and appear strikingly similar, suggesting t
the two morphologies consist of small, comparably sha
interfacial ‘‘patches.’’ The global topologies of the two mo
phologies reveal how the interfacial patches are connec
In both morphologies,Nj;3, which is anticipated for theG
nanostructure, but not for the SD morphology. In contra
normalized D j distributions are strongly morphology
dependent. The maximumD j measured for theG morphol-
ogy is found to be in good quantitative agreement with t
ce
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expected from the SchoenG surface, whereas the SD mo
phology possesses a broad distribution of interjunction d
tances. Experimental measurements of the Euler-Poin´
characteristic and genus corresponding to each morpho
are provided as an additional set of topological parameter
facilitate comparison of these morphologies. Topologica
speaking, we conclude that theG nanostructure of the block
copolymer constitutes a more complex network than the la
stage SD morphology of the polymer blend.
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