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Curvature distributions of spinodal interface in a condensed matter system
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The time evolution of a three-dimensional spatially bicontinuous interface of a phase-separated polymer
blend, as a model of condensed matter systems, in late stage spinodal decomf®Bjtioas been studied by
laser scanning confocal microscopy. Probability densities of the mean and the Gaussian curvatures of the
interface have been obtained. The probability densities of the curvatures at various times were successfully
scaled by a characteristic length, which confirms the validity of the dynamical scaling law. We found that a
large portion of the interface formed in late stage SD consists of saddle-shaped surfaces.
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If a mixture is quenched from the single phase region taDPB were, respectively, 14310° and 1.12 (1, denotes the
the spinodal region of the phase diagram by changing themumber-average molecular weight1,, andM,,/M,, for the
modynamic variables such as temperature, it becomes thePB were 95 10° and 1.07, respectively. A small amount of
modynamically unstable and separates, via spinodal decon@nthrace_ne was attached to the PB for contrast enhancement
position (SD), into two phase$1-3]. A bicontinuous two- of the microscopy16]. The DPB/PB blend exhibits an upper

phase structure appears during SD if the volume fraction offitical solution temperature type phase diagram with the
one of the phases is close to @“Ssometric” ). Such bicon- critical composition of the DPB as 46 vol % according to the

tinuous structures are commonly formed in a variety of con-F1ory-Huggins lattice theory17]. The spinodal temperature
densed atomic and molecular systems, e.g., in binary mi at the critical composition was estimated to be ca. 110°C
tures of polymers[3], simple liquids [A,,—é] ‘as well as L6l A critical mixture of DPB and PB was dissolved in

: TS . . . benzene to form caa 7 wt%solution and then lyophilized.
metallic alloys [7,8], microemulsions[9] and inorganic

. . . The mixture after lyophilization was homogenized by me-
glasseq10]. Universality of the SD behavior among these ., nica mixing[18] and placed between cover slips. The
systems can be four{d 1].

. . . mixture was annealed at 40 °C for six differenft=1350,

In late stage SD, the compositions of two coexisting175 2880, 4610, 7365, and 8610 iiall characteristics of
phases have already reached equilibrium, and the excess frgge stage SD. The mixtures were subsequently observed by
energy of the system, now localized at the interface betweepser scanning confocal microscogySCM) (Carl Zeiss,
the two phases, decreases with tim&herefore, under such | SM410™) with a 364-nm laser at room temperature.
conditions, the most significant physical parameters are the Qil-immersed 4& (Plan-Neofluar, Carl-Zei$sobjective
interface curvature§i.e., the mean and the Gaussian curva-with a numerical aperture of 1.3 was used to record sliced
tures, which determine the interface dynamid]. Except images at 0.5m increments along the optical axis of the
for a few cases, to our knowledge, no quantitative evaluatiomnicroscope(the z axis) perpendicular to the focal plarighe
of the interface curvatures has been dpt® 14. Thisis due lateral plang The lateral and axial resolutions were approxi-
to experimental difficulties in taking real space images ofmately 0.24um and 0.92um, respectively. The raw images
complex structures, e.g., bicontinuous structures, in three divere subjected to the image processing and then “bina-
mensions3D). However, the 3D images should capture therized” with an appropriate threshold.1,16. The interface
local structure of the interface, as well as its global topology between the DPB and PB components was modeled using
Thus, they are of central importance to the physics of thecontiguous polygon§19]. We note that the volume fraction
system undergoing late stage SD. We note that 3D real spagg DPB was time independent, i.e., @:8.02 over the whole
measurements for an off-critical mixture, which exhibit mi- experimental time range.
nority phase droplets inside a matrix of the majority phase The structure factoi$(q,t),is obtained from the following
and hence show much simpler morphologies than the bicorrelations:S(q,t)~|A(q,t)|? and A(q,t) ~ F(C(r,t)), where
tinuous structure, have only been recently done. The timey(q,t)andC(r,t) represent the structure amplitude and spatial
evolution of distribution of droplet domain sizes was exam-distribution of the(binarized image contrast where PBL
ined to study the coarsening dynamjds]. and DPB-=0 in 3D. F(f(r)) denotes the Fourier transforma-

The mixtures studied consisted of deuterated polybutadition of f(r). The wave number is defined as=2#j/NL (j
ene(DPB) and polybutadienéPB). The weight-average mo- =0,1,2,...IN/2; N andL are number of pixels along the edge
lecular weight M,,) and polydispersity M,,/M,) of the  of the image and the size of the square pixel, respeciively

The scaled structure factorS sem(X,t)=am(t)3S(x,t)(x

=q/qmn(t)), at varioust became a time-independent func-
*Electronic address: hjinnai@ipc.kit.ac.jp tion, demonstrating that the dynamical scaling law holds in
TElectronic address: hashimoto@alloy.polym.kyoto-u.ac.jp late stage SD process in the DPB/PB mixture. We have com-
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L=pw'e& M=py-e N=p,-€ 2

wheree is a unit vector normal to the surface at the POI,
defined bye=p,Xp,/|p,Xp,| and the subscripts qf rep-
resent the partial derivatives, i.ep,=dp/du and p,,
=4’pldudv. The meanH, and the Gaussia, curvatures
can be expressed in terms of the above parameters:

1 EN+GL—2FM
H= gt )= 5 EeFy
()
LN—M?
K=Kk~ EG-FZ:

x, and «, are the principal curvatures at the POI. The sur-
FIG. 1. Schematic diagram of a surface expressed in a paramek@ce is first “sectioned” by a plane that contaipg ande.
ric form p(u,») and a “sectioning plane,” which is comprised ef  1he intersection between the plane and the surface is defined
andp(0,v). p(0,0) is a point of interest at which the local curvatures as p(u,0). Parameter€ and L in Eqg. (2) can be obtained
are measured. from p(u,0). The surface is then cut by another plane that
definesp(0,r). Now F, G, andN can be computed. The pa-
pared S scu(X,t) with that obtained independently from rameterM rgmains unsolved _since it_ needs g:o_mplete func-
||ght Scattering(LS) experiments on the DPB/PB mixture in tional form, |.e.,p(U,V). Determ|n|ng tl’_]IS was difficult. ThUS,
late stage SDS,s(x,t); they were in excellent quantitative We rearranged Eqs2) and(3) to eliminateM,
agreement, suggesting that the 3D structure reflects a real

; —N— 2 2
structural entity. MoreoverSrpg.(X,t) obtained from a f(i,H,K)=0=4F{LiN~K(EG;—F))}
computer simulation on the basis of the time-dependent —{EiNi+GiLi—2H(EiGi—Fi2)}2- 4)

Ginzburg-LandauTDGL) theory with hydrodynamic inter-
actions[12,20, quantitatively accounts for bot§ gcu(X,t)

T Here the subscriptdenotesth set of the curvilinear coordi-
and S g(x,t). It is important to note thaSrpg (X,t) repre- ’

ts the structure fact £ vari bi h incl ates(u,v) defined by the two sectioning planes. Since two
Sents the structure factors of various binary Systems, INCluqynown quantitiesH andK, are invariant for any choice of

ingspolymers[21] ang simpr:e quuid_s{5j. h Ning bi the coordinates, in principle, Eq4) with two sets of the
_ Some wave numbers characteristic to the evolving bicong, iinear coordinates gives the simultaneous equation for
tinuous structure were estimated from the 3D LSCM images,; ndK. In reality, several sets 6fi,H,K) are obtained at the

The wave nuLn_bﬁr lat the rrr:axwﬂum m_te_nsny of POI, from which the curvatures are evaluated by using non-
S(a.1), w(t), which relates to the characteristic wave-|inoar regression fitting[sectioning and fiting method

Ieng'&h, An(t), by Am(t)=27r/qm_(t). We found qm(t) (SFM)] [22].
~t"". Another wave number, the interface area per unitvol- gjyce the SFM provides local surface curvatures at a
ume, 3(t), can also be obtained from LSCM imagé&(t) given point on the surface, the joint probability density,

41 -1 ) . .

7 was found. A scaled length parame®@i(t)am(t) ", p(H K:t), at a givent can be obtained by sampling ca. 200
turned ﬁ.lljt t‘?] be time independent. ;I'he ?Iateau Vﬁ"“}? Was 10® surface points randomly chosen. Typically, the entire
0.44, while the TDGL p_redlcted_a value o (_[5_1]. All o surface consists of about210° surface points. We made
those results are consistent with the predictions from theSure that the number of points used for determirigd,K:t)
TDGhL 5|mu.lat|on[12,§(]. looed in | inodal are enough so that the shape of the distribution becomes
_ The 3,D interface eveloped in late stage 8Bpinoda .. invariant with further sampling//P(H,K;t)dH dK=1 was
interface™) was then subjected to an analysis for probab|l|tyused for normalization. Figure 2 showH,K:t) at t=1675
densities of the curvaturg@2]. In Fig. 1, the surface is ex- iy “\hich has a characteristic functional form, elucidating

pressed in a parametric form @&u,) around a point of e following characteristicsi) Most of the measured points
interest (POIl) at which the curvatures are measured. The

. . T (up to 93% lie in the K<O region, demonstrating that the
poord|nate(u,v) Is arbitrarily set on the surface and the POI interface is anticlastic. Namely, two principal curvatures
is expressed a@,v)=(0,0). The first and second fundamen-

S . have opposite signs at a large portion of the interfdeg.
tal forms in differential geometry are expressed 28] The probability fork >0, corresponding to the synclastic sur-

(13 face, is small(iii) The observed probability density fulfills a
relation ofK<H?2. This relation is required because the prin-
cipal curvatures, which can be calculated frétrandK via
ki=H=\H?—K (i=1,2), should be real numbers.

Il =Ldudu+2Mdudy+ Ndvdy. (1b) From P(H,K;t), the probability densities of the mean cur-
vature, Py(H;t), and that of the Gaussian curvature,

The parameters in Eg§la) and(1b) are given by Pk(K;t) are calculated from

|=Edudut+2Fdudv+Gdvdy,

and

E=pu-Pu F=Pu'Pv, G=py: Py Pu(H;t)=JP(H,K;t)dK,



RAPID COMMUNICATIONS

R2556

RN

\ \
H 22
VA
\ /% 8%
AT RS
sesssssessrss

poreressest: %

[ 2R25550545542558%

SRssssssss % %

ol N

Z AR TRTALAL 2R

z L5500 R AT,
% o

% % Z % R
SHREAZAALS Z7 S e S
A e
LLLBRE8252T AL
RBLRERLL S ooy
o %
ZXRLATRL AR
28
2L
%

R
i
UL 2%
s
LA

27

JINNAI, NISHIKAWA, AND HASHIMOTO

FIG. 2. Bird's-eye view of the joint probability densiB(H,K;t)

for the DPB/PB mixture at=1675 min.Py(H;t) andP(K;t) are

also shown. The broken parabolic line shats H?.
and

P(K;t)=[P(H,K;t)dH.
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_ FIG. 4. Scaled probability densitie&d) Py(H;t) and (b)
Pk(K;t) for the DPB/PB mixture in late stage SD.

path with a low free energy in the SD proce&(K;t) is
distributed mostly in th&<0 region, demonstrating that the
interface is hyperbolic regardless ©fThe full width at half

Figure 3 demonstrates the time evolution of the probabilityMaximum ofPy(H;t) decreased, thus the portion of the dis-

densities.P,(H;t) is symmetric abouH=0 and thus the

area-average#l stayed close to zersee Fig. 8a)], imply- | |
ing that the system tends to take most reasonable evolutiofHggest that the average radius of curvature of the spinodal

Pu(H;t) (um)

[ O~ 1850 min |
O~ 1675 min (b)

— 2 A 2880 min
<< 10°F ..o 4610 min

3 - ..@- 7365 min

= I -.m- 8610 min

g

<

0.

|
-0.02 0
K (um®)

FIG. 3. Time-evolution ofa) P (H;t) and(b) P«(K;t) for the

DPB/PB mixture in late stage SD.

tribution with small|H| increased wittt. Similarly, the por-
tion of small|K| increases as time elapsgidt]. These results

interface increased, i.e., the interface became smoother with
t.

In order to show the dynamical scaling law for the local
structure, such as the probability densities of the curvatures,
we used the inverse &(t) for a length characteristic to the
bicontinuous structures. The scaled probability densities of
H, Py(H;t), andK, Pg(K;t), are respectively obtained by
Pa(H;)=3(1)Pu(H;t)  and Py (K;t) =3 (1)2Py(K;t).
HereH=HZX(t) ! andK =KX (t) 2. The scaled probability
densities are plotted againsin Fig. 4, demonstrating that
the dynamical scaling law holds for the probability densities
of curvatures within experimental accuracy as well as for the
scattering structure factor. Note that the examination of the
dynamical scaling througB(x,t)has been done many times;
most of the studies showed the self-similar growth of the
global structure, which is characterized by the scattering
maximum, i.e., a structure corresponding to the length scale
of A (t). Although the curvatures and(q,t) are implicitly
related to each other, a general relationship between them is
not at all clear. Hence, it is impossible to discuss whether or
not the local shape of the interface really follows the dy-
namical scaling law from the scattering data. Meanwhile, the
curvatures presented in the present study qualify the local
shape of the structure. Thus, the results shown in Fig. 4 stand
out from the fact that they demonstrate that not only the
global structure but also the local shape of the spinodal in-
terface evolves with the dynamical self-similarity. In addi-
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tion, the probability densities experimentally obtained in thehave been measured. We found that the large portion of the
present study are expected to be universal in a variety dhterface is anticlastic and the mean curvature is symmetri-
condensed matter systems. cally distributed aroundd=0. The probability densities of
Information about the time evolution of the curvaturesthe curvatures at various times were found to be scaled by a
should be useful in predicting interface dynamics and intercharacteristic wave number, i.e., the interface area per unit
face stability[12], especially in late SD. For example, one yolume in late stage SD. This demonstrates that the dynami-
would study how a particular part of the interface would cq| scaling holds for the probability densities of the curva-
change its shape during SD by examining the time change qf,res as well.
the interface curvatures. Knowledge of such interface move-
ment should be essential to understand the mechanism of the We would like to thank Dr. Tsuyoshi Koga and Dr.
SD process. Such analysis is under progfé&s Stephen T. Hyde for their stimulating discussions. Thanks
In summary, the probability densities of the curvatures ofare due to Dr. Alan |. Nakatani for reading the entire text in
the interface in a phase-separated bicontinuous structuiits original form.
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