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Fluctuations of lamellar structure prior to a lamellagyroid transition in a nonionic surfactant—water
system has been investigated by means of small-angle x-ray scatt&#¢S) and differential scanning
calorimeter measurements. For largel (AT=T-T, g, where T is the temperature and, s the
lamellar—gyroid transition temperaturén the lamellar phase, the SAXS profiles can be described by & Caille
correlation function for undulating lamellar structure. Approaching the temperature td, the an excess
diffuse scattering grows at the low€r(Q is the magnitude of scattering veckaside of the first lamellar peak.
Highly oriented lamellar samples revealed that the excess diffuse scattering arises from in-plane density
fluctuations. We attribute this diffuse scattering to the perforation fluctuation [@Fr) structure and we
show that the PFL is an equilibrium structure. Atg, the PFL transformed to the gyroid phase through a
transient ordered structure having a rhombohedral symmetry.

PACS numbe(s): 64.70.Md, 47.20.Hw, 82.65.Dp, 68.10m

I. INTRODUCTION leading to the OOTs$spinodal decomposition kineticasing
a theory of anisotropic composition fluctuations. Qi and

One of the most fascinating properties of surfactant-wateWang [12] have shown similar results using a time-
systems and block copolymers is their ability to form a va-dependent Ginzburg-Land&lDGL) technique. A feature of
riety of ordered mesophases, such as hexagonally orderd@ese theoretical approaches is that the characteristic fluctua-
cylinders(C), lamellae(L), and a gyroidG) structure having tion modes bring the destination ordered mesophase. Such a
a bicontinuous cubic network with,;4 Ssymmetry. The simi- characteristic fluctuation mode was observed experimentally
larity of the morphology and phase behaviors for surfactantl @1 OOT between the phase and the body-centered-cubic

water systems and block copolymers suggests a univers pheres phase of a triblock copolymer sys{éh However,

nature of ordered mesophases originated from their incomgxer:r;fn;?]?;nt:]%r gj(r)t_rllgr Srtjuc?eyegnbthiﬁ:%ilzlienﬁbLnar::gn{omh
patibility effects. Hence the behaviors of ordered mesophases P P y 9

have been the subject of the extensive experimeiafl] fmanner, which does not agree with the spontaneous process.
v : uoject . P Matsen[14] demonstrated the nucleation and growth manner
and theoretica]10—15 investigations.

. . of the C«— G transition using a self-consistent mean-field
An important target of the order-order transitic@OT) theory (SCFT). Moreover, Hajduket al. [4] observed com-
studies is to revegl the kinetic pathways be@ween the ordereﬂex structure in the.— G transition, i.e., hexagonally per-
mgsophasgs. 'FII’St, Ram: and Charvolin [1] found. forated layer (HPL) morphology. They showed that this
unique epitaxial relationships between the characteristigirycture is a long-lived nonequilibrium state, which converts
planes of the ordered phases in & (CHy(CHy11-  to the G morphology upon isothermal annealing. Then it is
(OCH,CH,)¢OH)-water system. The morphology transitions quite meaningful to elucidate the stability of the fluctuations
take place keeping the fixed orientation of each geometryaround the equilibrium ordered mesophases prior to the
indicating unique pathways between the complicated ordere@OTs.
mesophases. Cleet al. [2] investigated the kinetics of the The qualitative discussions developed in the block co-
C—G andL—G transitions in a nonionic surfactant system polymer systems may be relevant to the surfactant systems
using a time-resolved x-ray diffraction technique and foundexhibiting the same morphology phase diagrams, because
that the transitions proceeded in a manner of a nucleatiopresumably the topology of their free-energy surface is
and growth mechanism having time constants of about 10@nalogouq10]. Actually, Larson[15] showed that the mor-
ms. Recently, identical epitaxial relationships and the nuclephology phase diagrams for the surfactant-water system are
ation and growth mechanism in the OOTs have been estalidentical to those for the block copolymer system using
lished in block copolymer systeni8—6). Monte Carlo simulations. From an experimental point of
Referring to the above experimental results, theoreticaliew, surfactant solutions have several advantages to inves-
approaches to reveal the kinetics of the OOTs have beetigate the kinetics of the morphology transitiori$) These
attempted extensively. Laradgt al. [10,11 have investi- morphologies can be easily controled by changing tempera-
gated the stability of the ordered mesophase in diblock coture and concentratior(2) Perfectivity of the ordered me-
polymers and showed the most unstable fluctuation modesophases gives sharp diffraction peaks, which make it pos-
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sible to analyze fluctuations of the ordered meso phases isystem in Ref[23], the 55 wt % sample has th@— G and
detall. (3) Interactions in the lamellar structure have beenG—L transition temperature at 42 and 48 °C, respectively.
well investigated over the past two decad&§—20Q. (Here the term ‘L phase” expresses the stacked layer struc-
The purpose of this paper is to reveal fluctuations ofithe ture. The structure of the L' phase” close to thd.—G
phase prior to thee—G transition in the surfactant-water transition temperatureT(s) will be discussed later.The
system using a small-angle x-ray diffractiéBAXS) tech- ~ sample was heated from 34 {C phas¢ to 67 °C (L phasg
nique with a synchrotron-radiation source and newly develand then annealed isothermally-0.1°Q for 100 min to_
oped large area charged-coupled-devi€@CD) detector reduce the sample history. After the |sothgrmal anngallng,
[21,22). The CCD detector has high spatial resolution, wideth® Sample was cooled from 67 °C to fhgs with a stepwise

dynamic range, and high sensitivity. These features enable Jganner. At the p(edeterlminfed tempgratu&es we hmesswed
to record the evolution of scattering functions during the>AXS patterns at intervals of 10 min in order to check the
morphology transitions undén situ conditions. equilibrium structure. After the scattering patterns reached to

the equilibrium, we decreased the temperature to the next
step temperature. Especially in the vicinity of theg, we
Il. EXPERIMENT carefully decreased the temperature with intervals of 0.1 °C
) » and waited 30 min to examine the existence of the incubation
We examined the L—G transition of a time. The DSC measurements showed @e:L transition
C16E7(CH3(CH,)15(OCH,CH,)OH-D,0  system [23]. The  temperature {g,) of 51.6 °C(heating rate: 0.1 °C/mjnand
nonionic surfactant GE; was purchased from Nikko Chemi- the T, ; of 46.2 °C(cooling rate: 0.1 °C/min The T g ob-
cals, Inc., and used without further purification and deutetained from SAXS experiments is slightly different from the
rium oxide purchased from ISOTEC, In@9.9% was used average valu¢(T, g+ Tg)/2=48.6°C of the LG tran-
after being degassed by bubbling of nitrogen to avoid oxidasition temperature obtained from the DSC measurements.
tion of the ethylene oxide group of surfactants. The sample{ereafter we employ 48.6 °C as tfigg .
containing 55 wt % of GgE; was sealed in a glass vial. For  Figure 1 shows the evolution of the two-dimensiof2iD)
homogenization we annealed the sample 3oh atabout  scattering patterns from thie phase to thes phase in the
55°C and then held it at room temperature for 21 h. Thiscooling process. In thé phase[Fig. 1(a)], the scattering
annealing procedure was repeated about one week and thpattern shows isotropic Debye rings, indicating a randomly
the samples were transferred to a temperature control cedriented polycrystalline state. When the temperature is de-
with mica windows for simultaneous SAXS and differential creased to 48.3 °C, new diffraction spots appears both inside
scanning calorimeteDSC) measurements developed by and outside the first lamellar ring after the incubation time of
Yoshida [24], which regulate the temperature within 15 min during which the scattering keeps the double-ring
+0.01°C. Standard sample dimensions were a diameter gfattern[Fig. 1(b)]. Decreasing the temperature to 47.9 °C,
3.0 mm and a thickness of 1.0 mm which brings the poly-numerous spots increase their intensities and simultaneously
crystallineL phase. In order to obtain a highly oriented  the lamellar rings decrease their intensifieg. 1(c)].

phase, we used thin sample cells with a thickness of&0 Surprisingly when we decreased the temperature to
[2]. The orientation of thé. phase was checked by polarized 44.6 °C, diffraction peaks at inside of the first lamellar peak
optical microscope observations. disappears and alternative diffraction peaks appear as shown

SAXS measurements were performed using a BL-15A inin Fig. 1(d). Here we make clear this complicatéd—G
strument at the photon factotiF) in the high-energy accel- transition behavior. In Fig. 2 we plot the development of
erator research organizatigKEK) [21]. In this experiment  one-dimensional scattering profiles obtained by a circular av-
we used a 1.5-A wavelength x-ray beam having a 0.&rage of the 2D patterns as a function of temperature. In the
X 0.8-mn¥ square cross section. The scattered beam was re- phase, two Bragg peaks can be seen. The first and second
corded using the CCD area detector covering the scatteringeak positions ar&,=0.098 A"* and 0.19 A?, respec-
vectorQ (Q=4 sin6/\) range from 0.015 to 0.33A&. The tively, indicating stacked lamellar structure. Decreasing the
obtained scattering patterns were corrected for the nonunifotemperature to th&, s, the peak positions shift to the higher
mity, image distortion, and background scattering. Q side and a diffuse shoulder appearsQt0.09A™1. At

A SEIKO differential scanning calorimetr§DSC) appa-  47.5°C, in addition to the lamellar peaks the scattering pro-
ratus DSC5200 with a thermal analysis system 5600 wafile shows apparent new peaks@t0.093 and 0.107 Al
used to examine the thermodynamical stability of the whose ratio is close ta/3/2 [25]. We also observed new
phase. The samples with about 60-mg weight were sealed ijeak peaks aQ=0.15, 0.16, and 0.19 A. It should be
silver DSC pans used for liquid samples. Samples wer@oted that the scattering profile at 47.5°C does not always
heated from room temperatu(e-30 °C) to 80 °C with vari-  represent an equilibrium structure.
ous heating ratef0.1, 0.5, and 1.0 °C/mjnand then cooled When we decreased the temperature to 43.8 °C, the scat-
to room temperature with a cooling rate of 0.1 °C/min. Thetering profile changed to another pattern. In Table | we list
obtained DSC diagrams were calibrated using standard saghe new diffraction peaks with indices of th@ structure
phire sample. (1130). The agreement between the predicted and observed

peak positions indicates that the latter ordered phase i& the
IIl. RESULTS AND DISCUSSION phase and the former structure is a transient structure _be-
tween theL and G phases. Holmes and co-workers investi-

We show brief features of thé —G transition of a gated phase behavior of&/D,0 systems and reported in-
Ci¢E7/D,O system obtained from the polycrystalline termediate phases between tBephase and. phase or the
samples. According to the phase diagram for thge/D,O  cubic phase ant phasg26]. They attributed the intermedi-
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FIG. 1. Evolution of 2D small-angle x-ray
scattering patterns from the phase to theG
phase. (& 50.7 °C(lamellar phasg (b) 48.3 °C,
(c) 47.9°C, andd) 44.6 °C.
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ate phases to rhombohedral structures. The intermediatge assign the transient structure to the rhombohedRal

phase having space group BB,, provides the most likely ~Structure. In our experiment tiestructure is only observed
structure which explains the diffraction pattern of the tran-On cooling from the. phase to thé& phase and not observed

sient structure observed in this stu@able ). In this paper

105 = ¢
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s 525

. 475
o 43.8

on heating from theG phase to the. phase. Furthermore,
Fig. 3 shows the time evolution of tHestructure at 47.9 °C.
With the elapse of time, the polycrystallifrestructure trans-
forms to theG phase in a monodomain state spontaneously.
Thus theR structure is not an equilibrium structure but a
metastable structure and the—G transition proceeds via
the transientR structure. The kinetic pathway from tHe
phase to th& phase via theéR structure will be discussed in

a forthcoming paper and hereafter we focus our attention to
fluctuations in the lamellar structure prior to the-G tran-
sition.

TABLE I. List of peak positions at 43.8 °C in Fig. 2 and indices
based on thé& phase with a unit-cell dimension of 150.3 A.

0.08 0.1 012 014 016 018 0.2 022 024

Q (A1)

FIG. 2. Evolution of small-angle x-ray scattering profiles from
the L phase to thés phase as a function of temperature. For con-
venience each profile is shifted along the intensity axis.

Peak position d spacing GyroidA)
(A A (hkl) dear (B)
0.102 61.36 (211 61.3
0.118 53.25 (220 53.1
0.156 40.28 (321 40.2
0.167 37.58 (400 37.6
0.179 35.14
0.187 33.56 (420 33.6
0.197 31.93 (332 32.0
0.205 30.68 (422 30.7
0.214 29.41 (431 29.5
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TABLE II. List of peak positions at 47.5 °C in Fig. 2 and indi-

— O,
ces based on the rhombohedral structtR8r) with unit-cell di- (a) 47.9°C
mensions ofa=130.7 A andc=175.5A (vw means very weak Qy AYH
peak intensity.

o . Rhombohedral model
Peak position d spacing

A™h A) (hkI) dea (A)
0.0919 68.37 (110 68.3
0.1098 57.22 (003 58.5
W (103 52.4
0.1474 42.63
0.1612 38.98 (300 39.4
0.1928 32.59 (310 32.8
0.2058 30.53 (006) 29.3

Development of the scattering profile around the first la- -02 -01 0.0 0.1 02
mellar peak from thé. phase to theR structure is shown in Qx &Y
Fig. 4. The scattering profile at 66.1°C is composed of a 5 )
sharp Bragg peak @,=0.098 A'* and a diffuse asymmet- (b) 47.9°C 1min
ric tail spread around the Bragg peak. The diffuse tail origi- Qy AY
nates from the undulation of lamella@6—-18 and can be
described by the Cailleorrelation functior{19]. Caille de-
rived a correlation function for the undulating lamellae using
bulk moduli for layer compressioB and layer curvatur&

S(R)=S(z,p)~(1/p)?"exp{— n[ 2y+E1(p?/4\2)]},
D

7=QzkT/8m(BK)*?, 2

where R?>=272+ p? with p?=x?+y?, the z direction is nor-
mal to the layers;y is Euler's constantE(x) is the expo-
nential integral functionQq is the first peak position, and
A= (K/B)*2 The powder-averaged scattering function ob-

tained from the correlation function is given by -02 -01 00 01 02
* ” R27/L2 iG Qe G
~ dzfd S(z,p)e ~ 7 sinQR)/QR]e'*? .
S(Q) ﬁw , 9 (2,p) [(sinQR)/QR] () 47.9°C 2min
3
9 Qy &

wherelL is the domain size anG=mQy(m=1,2,...). For
large Q— Qq=2m/L, the scattering profile exhibits power-
law behaviorS(Q)~|Q—Qq| P with P=1— 7. The inset
(66.1°Q in Fig. 4 shows the fitting results at 66.1 °C based
on Eq. (3) convoluted with a Gaussian resolution function
with half-width at half-maximum of X10 A -1, The pa-
rameter values obtained from this fitting are=0.3 and\
=5.0A, which give the elastic constaBtof 1.6X 10°%gT
and the bending modulus of 0.7kgT, where« is derived
from K through the relatiork=Kd (d is the lamellar dis-
tance. The obtainedk value is close to the thermal energy,
which agrees well with the results reported for the lyotropic
lamellar phase of a microemulsion systéh?]. Thus in this
temperature region, the surfactant membrane has the undula- -02 -01 0.0 0.1 02
tionally fluctuated lamellar structure. Qx A

Decreasing the temperature to fhg;, additional diffuse
scattering begins to grow at the low€rside of the Bragg
peak Q~0.09 A1) (Fig. 4. This new diffuse shoulder can-  FIG. 3. Time evolution of 2D small-angle x-ray scattering pro-
not be explained by the Cailleorrelation function, indicat files at 47.9 °C(from the R structure to the5 phase.




PRE 62 FLUCTUATIONS OF LAMELLAR STRUCTURE PRIOR TO. .. 6869

10° ——————

g
3

66.1°C 50.6°C

Intensity (arb. units)
8 3

Intensity {arb. units)

=

(=3
T
-

5 |
100 006 008 01 02 0.3
06 08 01 12 a4 4

QA1)

Q(AY)

Intensity (arb. units)

0.06 0.08 0.1 0.12 0.14

Q(A")

FIG. 4. Evolution of small-angle x-ray scattering profiles around
the first lamellar peak from thie phase to thé& phase as a function
of temperature. For convenience each profile is shifted along the
intensity axis. Inset figures show the result of the fitting of an ex-
perimental profile for 66.1 °C and 50.6 °C by the Caillarrelation
function (solid line).

ing the existence of another type of fluctuations. The inset
(50.6 °Q clearly demonstrates the excess diffuse scattering
deviated from the Cailldunction (solid line). In order to
clarify the behavior of the diffuse shoulder, we subtracted the
Caille power-law component from the observed scattering
profiles. The resultant diffuse profiles can be described by &
function of the formSg(Q) =a/[ (Q— Qq)?+ ¢ 2], wherea
and ¢ are constants an@y is the position giving maximum

simulation [28].
s S, (Q) is the perpendicular component to the lamellar plane and

1.4
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~
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FIG. 6. (a) Perforating lamellar structure obtained in Saeki's

(b) Scattering functions of the PFL structure.

> ] Si(Q) is the parallel component to lamellar plane.
o 63.2°C
o 802 . ‘ intensity of the diffuse scattering. Thus the excess scattering
1000 | v 23.238 * e has a maximum aQ4(# Qo).

100 |

Difference Intensity (arb. units)

10 ¢

In Fig. 5 we plot the subtracted diffuse shoulder scattering

profiles againsQ — Q, at different temperatures. Decreasing
the temperature frofi=63.2 °C to theT | ¢, the intensity of

the excess diffuse scattering increases with keeping the peak
- maximum position. The diffuse scattering profiles were re-
] versible against the temperature. At 48.3°C, the diffuse
shoulder transforms to the sharp peak attributed tq1h6)
spacing of theR structure. The agreement between the posi-
tions of the diffuse shoulder and tH&10 peak of theR

E structure indicates that the transformation to Bstructure

] proceeds using a characteristic length of the new fluctuation
mode of lamellae.

Qi and Wand 27] investigated the stability of thie phase

using a Leibler free-energy functional and found that the
least stable fluctuations appear whenlthghase closes to its
0 spinodal. Recently Saeki and co-workg28,29 developed a
computational simulation scheme to obtain the equilibrium

structure of ordered mesophases. They introduced a time de-
FIG. 5. Evolution of excess diffuse scattering profiles as a functivative of the local order parametérto the time-dependent
tion of temperature. The horizontal axis@s- Qq, whereQq is the  Ginzburg-Landau scheme and constructed the following
first peak position of the lamellar structure. couple of kinetic equation:
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FIG. 7. Evolution of 2D scattering patterns
S, (Qx.Qy) from theL phase to theS phase(a)
65.1°C,(b) 49.4°C,(c) 48.3 °C, andd)—(f) time
evolution of scattering patterns at 47.6 °C.
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d . corresponds to the lamellar spacing. It should be noted that a
21 P(N=A(-Ay+uy"—DAY)—Bly—1+2f], (4  diffuse peak appears i, (Q) at a slightly lowerQ side of
the first lamellar peak position. The existence of the diffuse
9 peak indicates that the interchannel distance has a character-
S U =a(1). (5) istic length although the PFL structure does not have long-
range order. These results suggest that the experimentally
The velocity fieldg(r) plays a role in accelerating the con- observed diffuse peak originates from the PFL structure.
vergence of the kinetic equation to the equilibrium structure. In order to confirm the validity of the PFL model we
Using this scheme, Saeki found perforated lamellae close tperformed scattering experiments for oriented lamellae,
the T ¢ as shown in Fig. @. The channels in the lamellae which reveals the behavior of in-plane and out-of-plane fluc-
fluctuate with time and do not show characteristic spatiatuations. Figure 7 shows the evolution of the 2D scattering
symmetries such as hexagonal symmetry observed in blogkatterns,S, (Q,,Q,), during the cooling process from tie
copolymergHPL phasg Thus, this structure is not the HPL phase to thé& phase when the x-ray beam irradiates perpen-
phase but the perforation fluctuation lay&FL) structure. dicular to the lamellar plane. The scattering pattern at
The corresponding scattering functions of the PFL for paral65.1 °C[Fig. 7(a)] is monotonic without Bragg peaks con-
lel S(Q) and perpendicula$, (Q) to the lamellar plane are firming that the x-ray beam irradiates perpendicular to the
shown in Fig. 6b). A sharp Bragg peak in th§,(Q) profile  lamellar plane. Decreasing the temperature to Thg, a
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1000 =—— — - ‘ L diffuse peak position of th® structure. The kinetics of the
E ool - L— G transition is fairly complicated and so we will discuss
55.0 this matter in a future paper.
. éi’j(o) @570 Before we discuss the nature of the PFL, we examine the

behavior of the undulation fluctuations. If we an irradiate
x-ray beam parallel to the lamellar plane, we can estimate the
undulation mode of the lamellar structure. Figufa)$hows
the 2D scattering pattern under the parallel condition,
S(Q,,Q,) at 63.0 °C. The scattering pattern has two intense
spots on the ring, indicating a high orientation of the lamel-
lae. Figure %) shows the temperature dependence of the
S/(Q), obtained by sector averaging to tQe direction. The
scattering function shows a sharp Bragg peak with a diffuse
asymmetric tail spread around the Bragg peak, which is a
typical profile for the undulating lamellae as described be-
fore. Decreasing the temperature to g, , the diffuse tail
keeps its profile and the excess diffuse scattering at the lower
) T Q side of the Bragg peak does not grow. Thus the amplitude
006 008 01 012 014 0.6 : - of undulation fluctuations does not change significantly prior
Q@AY to theL — G transition and so we can concluded that the PFL
is responsible for the diffuse excess scattering observed for
the polycrystalline sample.

As mentioned in the Introduction, Hajdw al. [4,5] ob-
served the HPL(PL) morphology prior to thd— G transi-
diffuse isotropic scattering ring appedi&g. 7(b)], indicat-  tion in block copolymers. They showed that these structures
ing the development of the in-plane density fluctuations. Figare long-lived nonequilibrium states, which convert to the
ure 8 shows the temperature dependencs, @) obtained  gyroid morphology upon isothermal annealing. Thus the PL
by the circular average of the 2D scattering patterns with &tructure is metastablgl3]. Then it is quite important to
scattering function of the polycrystalline lamelle®,,,(Q) examine the thermodynamical stability of the PFL structure
at 49.5°C. The in-plane density fluctuations give a diffuseobserved in the surfactant-water system. In the SAXS experi-
peak atQ4~0.09A ! and the peak position is the slightly ments, we confirmed the reversibility of the diffuse scatter-
lower Q side of the first lamellar peak, which agrees welling function against temperature for polycrystalline and
with the PFL model of the Saeki’'s simulation. Thus, chan-highly oriented samples, which suggests the PFL is equilib-
nels in lamellae have the short-range order with an isotropi¢ium structure. Here we show results of DSC experiments.
in-plane arrangement but the long-range order. Decreasingeat flows of the sample for the heating process from room
the temperature from 65.1 °C to thigg, the intensity of the temperaturéC phasg to 80 °C(L phasg23]) with a rate of
diffuse peak increased as observed in the polycrystallin®.1°C/min and for the cooling process from 80 °C to room
sample. The diffuse excess scattering observed in the poljemperature with a rate of 0.1 °C/min are shown in Fig. 10.
crystalline sample arises from the PFL structure. For both heating and cooling processes,lthe G transition

It should be remarked that the HRPL) structure fre- gives sharp peaks, although the transition has thermal hys-
quently observed in block copolymel4,5] may explain the teresis of about 5°C. Here we cannot observe the latent heat
observed SAXS pattern for the polycrystalline sample. How-of the L—R transition. This may be due to the very slow
ever, this model can be excluded because of the diffuse scagooling rate. The latent heats of the- G transition andG
tering peak profile and the absence of higher-order reflec—L transition were 0.5 mJ/mg for both.
tions characteristic to the HPL(PL) structure in the On the heating process after the»G transition, the DSC
scattering pattern for the oriented lameli@ee Figs. 7 and curve shows a broad weak exothermic peak around 65 °C
8). Hajduket al. showed that the characteristic feature of theand a corresponding endothermic peak is observed on the
scattering profile for PL is decreased in the intensity of thecooling process as shown in Fig. 10. In the SAXS experi-
second-order lamellar peak compared to the first-order onments, the intensity of the excess diffuse scattering begins to
[4,5]. Figure 2 clearly shows that the growth of the diffuseincrease around 65°C and becomes constant at 52 °C. The
excess scattering does not accompany a decrease in thgreement between the behavior of the SAXS profiles and
second-order lamellar reflection. Thus the PFL structure ig¢he latent heat peaks in the DSC measurements indicates that
the most appropriate to explain observed diffuse scatteringthe latent heat is due to the formation of the PFL structure.

When the temperature approachesThg the intensity of Thus the PFL structure in the surfactant-water system is a
the diffuse ring increases. At 47.6 °C hexagonal diffractionthermodynamically equilibrium state. On the contrary, the
spots(corresponding to diffraction spots frof800; crystal HPL (PL) in block copolymers is a metastable state and
planes of the R structure appear with hexagonally symmetry transforms to thes phase spontaneously. According to the
diffuse fragmentg$Figs. 7c) and 7d)]. With further anneal- fitting of the SAXS profiles of this system based on the pro-
ing at 47.6 °C the scattering pattern transforms to the typicatedure of Nalletet al. [20], we obtained a hydrophobic bi-

G phase patterfFigs. 7€) and 7f)]. Here it should be noted layer thicknesss,=14.4+0.04 A, a hydrophilic layer thick-
that diffraction spots fron§211} crystal planes appear at the ness §.=19.9+ 1.3 A (bilayer thicknesss=54.2+3.04),

100

Intensity (arb. units)

10 ¢

FIG. 8. Evolution ofS, (Q) from theL phase to th& phase as
a function of temperature with the scattering function of polycrys-
talline lamellarS;,,(Q) 49.5°C.
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and lamellar periodicityl=59.8 A at 65°C[30]. Thus most  spinodal. The dominant fluctuations will come from wave
of the water molecules penetrate into the hydrophilic part ofvectors on two rings a@,= =3 Q, and|Q|=Q,. Thus the
the surfactant bilayer. The water molecules in the hydrofluctuations give a diffuse peak @=v3/2Q,=0.87Q,. Us-
philic part possibly play some roles in stabilizing the PFLing the values 0iQy=0.093 A * and Q,=0.106 A' in our
structure. experiments at 49.5°QFig. 8), we obtain the relatiorq

Qi and Wand 27] investigated the stability of the lamellar =0.88Q,. Although this numerical coefficient changes in
phase using a Leibler free-energy functional. They found thathe range of 0.86—0.92 due to the temperature dependence of
anisotropic fluctuations appear when thphase closes to its Qg, we find good agreement between the theoretical predic-
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FIG. 10. DSC curves of 55 wt % gE; D,O solution for the FIG. 11. Plots of 13,,(Qq) and 15,(Qg) againstT—T,,
heating process with 0.1 °C/min and for the cooling process withwhereQy is the position giving maximum intensity of the diffuse
0.1 °C/min. scattering.

tion and experimental results. Thus the modulation fluctualions and the perforation fluctuations is the amplitude of the

tions correspond to the least stable modes of the Iamellfﬂ’ucmat'ons' Thus, the PFL structure may appear as a result

structure near its spinodal. of softening of the free—engrgy landscape pf the lamellar
According to the theory of Qi and Wang, the fluctuationsPase- The PFL is an equilibrium structure in the tempera-

diverge at the spinodal of the phase and develop to tie  tureé range &T—T,<4°C. AttheT g, firstthe transienR

phase via a body-centered-cubic-based PL structure. In Fi%trpctyre appears and then transforms to @phase. It is

11 we show the evolution of the diffuse scattering intensity uite interesting to note that th10) peak of theR structure

for S d for th | talli appears at the diffuse scattering peak position of the PFL
fﬁrnctli(gr? d())fapemgéraﬁjfeq'}fgs \?vr:g(rees'l? n;pﬁog(o%%_aes)a structure and th€211) peak of theG phase grows at the
The plots of 18, (Qy) an'dSp |C(Qd) agacinstT—T give a diffuse scattering peak position of tiRestructure. This indi-

| oly! c

master temperature-dependence curve. The diffuse scatterifigt€s that the quctuapons around the equilibrium ordered
begins to grow around — T~ 15°C. Decreasing the tem- esophases play an important role in the OOTs. However,

perature toT the intensity increases unfll—T,~4 °C. the kinetic pathway from the phase to thé& phase is fairly
In the rangeLGOh'—T <4°C. however. the grovcvth of the complicated and we will discuss this matter in a future paper.
Cc 1 l

diffuse scattering is suppressed and the diffuse scattering
peak reaches an equilibrium profile. It is worth noting that
this equilibrium temperature corresponds to the end tempera- We would like to express our thanks to Dr. H. Yoshida
ture of the broad endothermic peak in the DSC prdfi®.  (Tokyo Metropolitan Universityfor DSC measurements and
9). Taking into account the fact that the peak position of theMr. K. Minewaki (Tokyo Metropolitan University for
diffuse scattering ir§, (Q) does not change during the cool- sample preparation and sample characterization. Helpful dis-
ing process, a possible explanation of the increas® 60 4) cussions with Dr. T. OhtgHiroshima University, Dr. T.

with T—T_ g is as follows. Around T—T,~15°C, Kawakatsu (Nagoya Universityy and Dr. J. Fukuda
amplitude-modulation fluctuations appear in lamellae.(Yokoyama Nano-Structure Liquid Crystal Project, J%ife
Modulation fluctuations increase their amplitude as the temappreciated. This work was supported by a Grant-in-Aid for
perature approacheb g and finally develops to the PFL. Scientific ResearcfC) from the Ministry of Education, Sci-
The difference between the amplitude-modulation fluctuaence, Sports and Culture of Jap@d. 09640477.
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