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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-Poinceiaracteristic and genus are reported.
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Interpenetrating network morphologies exhibiting biconti- mechanism responsible for interfacial development during
nuity occur naturally at different length scales in numerousphase separatidi.2]. In contrast, topological measurements
systems of biological and physical interest. Detailed characef bicontinuous morphologies would provide global struc-
terization of such morphologies, which may appear grosslyural details, such as the number of intersecting channels per
similar, is often hindered by their topological complexity. junction (the coordination numbeh;) and the distance be-
Block copolymers and their blends, for instance, exhibit seviween adjacent junctiongthe interjunction distanceD;).
eral bicontinuous nanostructures, including the gyfdifl  Such measurements yield another important, but experimen-
perforated lamellaf2], sponge[3] and microemulsiorf4]  tally unexplored, set of structural parameters by which to

morphologies. This is due principally to immiscibility be- characterize and compare, in quantitative fashion, complex
tween the dissimilar constituent sequen¢g$]. A subtle  morphologies.
balance between interfacial tension and molecular packing The value ofN; is particularly important with regard to
fru.stratlon d|ctate§ the local shape of the interface, which,q assignment of bicontinuous morphologies, since it can be
u!uma;ely determines the global morpholog7,8]. These used to differentiate between closely related morphologies,
bicontinuous polymer nanostructures are widely believed t

share common topological features with other examples o uch as the gyroid@, N;=3) and diamond®@, N,=4).
polog P dditional parameters that further serve to classify topolo-
soft-condensed matter that are also capable of spontaneous

molecular self-organizatiore.g., surfactant and lipid sys- glhesm?nl th? tlzssEolf :hs ;:]qmberr Oft e;ix?tlng Junndcnorr:s and
tems [9,10]. At larger length scales, transient bicontinuous¢"'annels are the Euler--o cangaracte S ) and genus
morphologies measuring on the order of micrometers degg) [10]. Prior attempts to measure the interfacial and topo-

velop during the spinodal decompositidSD) of phase- logical characteristics of complex nanostructures in recipro-

separating liquid mixtures. In this case, the onset of morphol.gal space by scattering methods have provided little insight

ogy formation reflects thermodynamic instability, whereas't?lto Iihe Ioclalmar;dnglr?b?hatp?andgonkr:?rcl:;l\/rlrt‘}]/o; crc:mprI]e);] W
structural evolution is again driven by an overall reduction in 0Ck Copolymer nanostruciures. suc ormation can, no

interfacial ared11,12. An example of a bicontinuous mor- ever, be gleaned directly from real-space measurements of

phology measuring on the order of millimeters is trabecuIathree'd'mens'ona(BD) images{8]. In this work, we measure

the interfacial curvatures and several topological features of
bone[13]. two bicontinuous polymer morphologies, one in an ordered
Direct measurements of local and global structural param;: poly P gies,
block copolymer and the other in a phase-separated polymer

eters are requisite for the complete characterization of ConBIend from 3D images obtained by transmission electron

plex bicontinuous morphologies. Me&id) and GaussiafK) ) . .
interfacial curvatures constitute structural parameters that tdplcrotomography(TEMT) .and laser-scanning confocal mi-
%roscopy(LSCM), respectively.

gether describe the local shape of the interface. As predicte A poly(styreneh-isoprened-styrene) (SIS triblock co-

[7] and confirmed experimentall}8], the averageand dis- | thesized via livi - | ati
tributions of these parameters are essential for a thorough®YMer Was synthesized via living anionic polymerization.

understanding of the molecular origin and stability of bicon-ItS number-average molecular weigh,,, and polydisper-
tinuous nanostructures. Quantitation of the time evolution ofity index were 8.3 10* and 1.09, respectively, and its com-

interfacial curvature distributions can likewise elucidate thePosition was 32 vol% styren€S). Specimens for TEMT
were produced according to the protocol described earlier

[3,14]. The SD polymer blend was composed of deuterated

*Electronic address: hjinnai@ipc.kit.ac.jp polybutadieneg DPB) and polybutadienéPB). The M,, val-
TElectronic address: rich_spontak@ncsu.edu ues and polydispersity indices were 8.90* and 1.07, re-
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FIG. 1. Three-dimensional images of bicontinuous morpholo-
gies in two composition-matched polymer systefasthe G nano- 06F f (b)
structure in a microphase-ordered block copolyrtt@r=74 nm < 4
and (b) the SD morphology in an off-critical polymer blend (bar
=20.4 um). In (a), the nonintersecting light and dark channels o8 fo
correspond to the minority microphase, while the majority mi-
crophase is transparent. (h), the minority phase is shown, while 0.0 ! Ses
the majority phase is transparent. Corresponding skeletal networks )
generated after channel thinning are displayedcinand (d), re- K
spectively.

«(K

FIG. 2. Scaled probability densitigs) P,(H) and (b) Py (K)
measured from the bicontinuous block copolyr®O) and poly-

spectively, for DPB and 12:¥10* and 1.12, respectively, mer blend SD @) morphologies.

for DPB. The DPB blend exhibited an upper critical solution
temperature at a composition of 46 vol% DPB. A 37.8/62.2 ists of a two-channel bicontinuous network in whiah
v/v DPB-PB blend was homogenized and then annealed éf‘t'_ . o : .
40 °C for 2943 min, which induced late-stage SD. Vqumet-_ZO.‘4 wm, as discerned from the position of the intensity
ric images of the phase-separated blend were acquired BY25 1™ of the calculated structure factor.

LSCM, as detailed elsewhefd2]. Two-dimensional(2D) The local shape of the interface in each of the 3D images

slices of each 3D reconstruction were subjected to Conver{:ZrOVIded in Fig. 1 can be described by a joint probability

tional image processing, and then binarized using an appr(id-ens'ty of interfacial curvature®,(H,K). Quantities charac-

priate threshold. The trajectory of the isointensity line corre-"ZIN9 the local geometry of a bicontinuous interface in-

sponding to the threshold value was used to identify theUde H and K, where H=(x,+x;)/2 and K=k, (k3

interface, which was represented in 3D by first stacking th@nd’(2 denote the principal curvature; gt a give.n. point on the
2D images and then applying the marching cube algorithrﬁmerface)'d F(;om P.(H’K)’ the prObHab'“t)é genliltles of the
[15] to model the interface as contiguous triandl&§]. Ap- ’T‘e?” an bauss;anl curvlazturd_?}sﬁ,( ) an K(. ). rte;spec;l-
plication of the sectioning and fitting algorithfi7] to each tively, can be ca cu att_anﬂ ]. The curvature is ar _|trar| y
resultant image furnished values bf and K at randomly chosen to be positive if the center of the osculating circle

selected points on each interface. As described elseW8kre resides within the | microphase of.t_he copolymgr or the PB
numerous points were sampled to generate statisticall hase of the polymer blend. To fgcmtate compans@n(H) :
meaningful distributions oH and K. nd Px(K) have been scaled with respect to the interfacial

Figure Xa) shows the reconstructed 3D image of the tri- /€@ per unit volumeX) in the following fashion:
block copolymer nanostructure, which consists of two non- - - - -
intersecting channel networks within a continuous matrix. Pu(H)=Py(H)2, Pr(K)=Py(K)Z% (1)
(The light and dark channels evident in this figure both rep-
resent the S microphase, but are shaded differently to dentere, H=H3X"! and K=KX“2, with 3 equal to
onstrate that the two channel networks do not inters€c. ~ 0.070 nm* for the copolymer and 0.13g:m™ ! for the
the sake of clarity, the volume-filling | microphase is trans-pjend. TheP,,(H) andPy(K) determined from the two bi-
parent. According to the reconstruction, this nanostructure igontinuous morphologies shown in Fig. 1 are displayed in
33 vol% S, in good agreement with the calculated composqzig. 2 and exhibit surprising similarity. In Fig(®, Py ()

tion. Previous crystallographic analy$i8] reveals that this ; h hol hibi . = .
nanostructure is consistent with temorphology and pos- or each morphology exhibits a broad maximurt&t 0, in

sesses a characteristic length scal@ 6f 74 nm. Displayed which case~the area-averaged mean curvature is non-zero.
in Fig. 1(b) is the reconstructed 3D image of the bicontinu- Most of P, (K) for each morphology in Fig.(®) resides at

ous SD morphology of the DPB-PB blend. In this case, theK<0, indicating that each interface is mainly hyperbolic.
channels correspond to the DPB-rich phase, the volume fra®espite the minor differences evident in Fig. 2, it is intrigu-
tion of which is measured to be 0.37. As in FigaJl the ing that the interfacial curvature distributions of these two
volume-filling matrix (PB) is rendered transparent to facili- bicontinuous morphologies differing in characteristic size by
tate visualization. Note that the two polymer systems possess factor of over 300 are so strikingly similar.

similar composition to facilitate comparison. Unlike the co- A skeletonizing algorithm based on the one proposed by
polymer nanostructure, the DPB-PB blend morphology con¥Yasueet al.[18] has been developdd9], which (i) system-
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—_ 1500 ( ) _ 300 ( ) FIG. 3. Histograms of the co-
< 1000F < 200} ordination numberN;) for (a) the
T 500+ T 100k G nanostructure andb) the SD
0 ] 0% a9, | . 0 Y . morphology. In both cases, the
0 2 4 5 8 10 0 2 4 6 8 10 dominantN; is 3. Corresponding
N;j N; histograms of the normalized in-
600 100 terjunction distance §;/A) are
| (C) sol (d) provided in (c) and (d), respec-
—. 400} = 60 tively. The thick line denote®;
Q L —path | Q — path evaluated along the network path,
T 200 O linear | T 40 o linear whereas the thin line represents
! 20 the linear distance between junc-
8o o5 10 15 =20 8o o058 10 15 20 tions.

D./A Dj A

atically excludes junctions attached to the edge planes of theumber distribution$Figs. 3a) and 3b)], this is clearly not
experimental volume element from statistical treatment, anthe case with respect @; . According to the data presented
(i) applies the Euclidean distance transformafi®@] to en-  in Fig. 3(b), the G morphology exhibits maxima iD; at
sure that each skeletonized network strand locates at the ce@40A (linean and 0.45A (path. These values are in favor-
ter of its precursor channel. Cursory examination of Fig. 1able agreement with those derived from the CT model sur-
suggests that the skeletal network of tRenanostructure in  face (0.40A). The SD morphology of the polymer blend,
Fig. 1(c) is more regularly arranged than that of the SD mor-however, exhibits a shoulderlike broad maximumDn at
phology in Fig. 1d). The average number of junctions per 0.5-0.7A (linear and path distancesThe data displayed in
crystallographic unit cell{l.o;) for the nanostructure is 11, Fig. 3(d) also reveal that, unlike th& nanostructure, the SD
which is in fair agreement witiN..;= 15 measured from a morphology consists of a large population of junctions sepa-
computer-generated constant-thickné€d) model surface rated by surprisingly short distances in the range of 0.1-
of the G morphology based on the Schoénsurface(the 0.2 A. )
composition of this surface is 33/67 v/v to equal that of the The Euler-Poincareharacteristic ) can be estimated
SIS copolymer8]). Note that the mathematically predicted from the total number of junctiong\) and the total number
value of Ny, for the CT surface is 16. The discrepancy in of branches (B) through y=2N-B [21]. Here, B
N¢eii between theG morphology and composition-matched =E{\‘=0Nj,i, whereN; ; denotes the coordination number at
CT surface is attributed to the presence of defects in théheith junction. Values ofy per unit cell are—12.1 for the
grains or along the grain boundaries of tBemorphology = G nanostructure and- 3.3 for the SD morphology. Corre-
(the CT Schoert surface is free from such deferté& com-  sponding values of the genug)( another topological mea-
parison of the measured and predicted valued Qf, for the  sure characterizing the complexity of a network and related
CT surface demonstrates the level of accuracy in the 3D@o y throughg=1— x/2, are 7.1 and 2.6, respectively. To put
channel-thinning protocol employed here. In contrast to thehis results in perspective, a surface with gegis topologi-
G copolymer nanostructure)..; discerned from the SD cally equivalent to a sphere withhandles. For comparison,
blend morphology is only 1.9, thereby confirming that thethe CT model surface yieldy=—14.7 (—16.0) andg
junctions are more densely packed in the nanostructure. Dis=8.4 (9.0) (values in parentheses are mathematically pre-
tributions of the coordination numbeN() are displayed in dicted quantities These values agree well with the corre-
Fig. 3(a) for the G nanostructure and in Fig(l3 for the SD  sponding values discerned for t&emorphology in Fig. 1a).
morphology. Both morphologies possess, for the most parDifferences iny andg between thes nanostructure and the
three branches at each junction. Higher coordination numeomposition-matched CT Schodh surface are again as-
bers account for less than circa 13% of e&ghdistribution.  cribed to defects and grain boundaries. According to the
Since the requisit®; for the G morphology is 3, the statis- Gauss-Bonnet theorem of differential geomejyyis related
tical result thatN;~3 provides further experimental evi- to the Gaussian curvature byrg = fKda=(K)S, whereda
dence that the copolymer morphologyGs which is consis-  denotes the area element of the surface @iwdthe interface
tent with previougbut limited observationg14]. area, if the surface is closed. From this theorem, we estimate
Shown in Fig. 3 are distributions of scalda; for the  y to be—11.0 for theG nanostructure ane- 4.3 for the SD
copolymer[Fig. 3(c)] and polymer blendFig. 3(d)]. Two  morphology(and —15.0 for the SchoerG surfacg. Since
measurements dd; are provided in each figure: one repre- these values are reasonably close to those derived from the
sents the shortest distance between junctiimear dis-  skeletonization analysis, the Gauss-Bonnet theorem appears
tance and the other corresponds to the distance along theo be applicable to these two bicontinuous morphologies,
skeletal networkpath distance. Although common features which can therefore be considered as closed surfaces.
between theG and SD morphologies are evident in the in-  In summary, topological parameters suchNysand D;
terfacial curvature distributiondig. 2) and the coordination have been measuratirectly in two bicontinuous polymer
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morphologies, the characteristic size scales of which diffeexpected from the Schoeda surface, whereas the SD mor-
by a factor of more than two orders of magnitude. The interphology possesses a broad distribution of interjunction dis-
facial area per unit volume is experimentally ascertained fotances. Experimental measurements of the Euler-Poincare
each morphology, as is the interfacial area per copolymegharacteristic and genus corresponding to each morphology
molecule within theG nanostructure (3.1 nffmolecule). are provided as an additional set of topological parameters to
Interfacial curvature distributions characterize local morphofacilitate comparison of these morphologies. Topologically
logical features and appear strikingly similar, suggesting thagP€aking, we conclude that tk@nanostructure of the block
the two morphologies consist of small, comparably Shape&opolymer constitutes a more complex network than the late-
interfacial “patches.” The global topologies of the two mor- stage SD morphology of the polymer blend.

phologies reveal how the interfacial patches are connected. This study has been supported by the Ministry of Educa-
In both morphologiesiN; ~3, which is anticipated for th&  tion, Science, Sports and Culture, Jag@mnants-in-Aid Nos.
nanostructure, but not for the SD morphology. In contrast12750799 and 1303105and the U.S. Department of En-
normalized D; distributions are strongly morphology- ergy under Contract No. FG02-99ER14991. We are indebted
dependent. The maximu; measured for th€& morphol-  to S.D. Smith for the block copolymer and D.A. Agard for
ogy is found to be in good quantitative agreement with thatechnical assistance.
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