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Fluctuations of lamellar structure prior to a lamellar \gyroid transition
in a nonionic surfactant system
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Fluctuations of lamellar structure prior to a lamellar→gyroid transition in a nonionic surfactant–water
system has been investigated by means of small-angle x-ray scattering~SAXS! and differential scanning
calorimeter measurements. For largeDT (DT5T2TLG , where T is the temperature andTLG the
lamellar→gyroid transition temperature! in the lamellar phase, the SAXS profiles can be described by a Caille´
correlation function for undulating lamellar structure. Approaching the temperature to theTLG , an excess
diffuse scattering grows at the lowerQ ~Q is the magnitude of scattering vector! side 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 layer~PFL! structure and we
show that the PFL is an equilibrium structure. AtTLG , the PFL transformed to the gyroid phase through a
transient ordered structure having a rhombohedral symmetry.

PACS number~s!: 64.70.Md, 47.20.Hw, 82.65.Dp, 68.10.2m
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I. INTRODUCTION

One of the most fascinating properties of surfactant-wa
systems and block copolymers is their ability to form a v
riety of ordered mesophases, such as hexagonally ord
cylinders~C!, lamellae~L!, and a gyroid~G! structure having
a bicontinuous cubic network withI a3d symmetry. The simi-
larity of the morphology and phase behaviors for surfacta
water systems and block copolymers suggests a unive
nature of ordered mesophases originated from their inc
patibility effects. Hence the behaviors of ordered mesopha
have been the subject of the extensive experimental@1–9#
and theoretical@10–15# investigations.

An important target of the order-order transition~OOT!
studies is to reveal the kinetic pathways between the ord
mesophases. First, Ranc¸on and Charvolin @1# found
unique epitaxial relationships between the characteri
planes of the ordered phases in a C12E6(CH3~CH2!11-
~OCH2CH2!6OH…-water system. The morphology transition
take place keeping the fixed orientation of each geome
indicating unique pathways between the complicated orde
mesophases. Clercet al. @2# investigated the kinetics of th
C→G andL→G transitions in a nonionic surfactant syste
using a time-resolved x-ray diffraction technique and fou
that the transitions proceeded in a manner of a nuclea
and growth mechanism having time constants of about
ms. Recently, identical epitaxial relationships and the nu
ation and growth mechanism in the OOTs have been es
lished in block copolymer systems@3–6#.

Referring to the above experimental results, theoret
approaches to reveal the kinetics of the OOTs have b
attempted extensively. Laradjiet al. @10,11# have investi-
gated the stability of the ordered mesophase in diblock
polymers and showed the most unstable fluctuation mo
PRE 621063-651X/2000/62~5!/6865~10!/$15.00
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leading to the OOTs~spinodal decomposition kinetics! using
a theory of anisotropic composition fluctuations. Qi a
Wang @12# have shown similar results using a tim
dependent Ginzburg-Landau~TDGL! technique. A feature of
these theoretical approaches is that the characteristic fluc
tion modes bring the destination ordered mesophase. Su
characteristic fluctuation mode was observed experiment
in an OOT between theC phase and the body-centered-cub
spheres phase of a triblock copolymer system@9#. However,
there is room for further study on this scenario@13#. In many
experiments the OOTs proceed by the nucleation and gro
manner, which does not agree with the spontaneous proc
Matsen@14# demonstrated the nucleation and growth man
of the C↔G transition using a self-consistent mean-fie
theory ~SCFT!. Moreover, Hajduket al. @4# observed com-
plex structure in theL→G transition, i.e., hexagonally per
forated layer ~HPL! morphology. They showed that thi
structure is a long-lived nonequilibrium state, which conve
to the G morphology upon isothermal annealing. Then it
quite meaningful to elucidate the stability of the fluctuatio
around the equilibrium ordered mesophases prior to
OOTs.

The qualitative discussions developed in the block
polymer systems may be relevant to the surfactant syst
exhibiting the same morphology phase diagrams, beca
presumably the topology of their free-energy surface
analogous@10#. Actually, Larson@15# showed that the mor-
phology phase diagrams for the surfactant-water system
identical to those for the block copolymer system usi
Monte Carlo simulations. From an experimental point
view, surfactant solutions have several advantages to in
tigate the kinetics of the morphology transitions.~1! These
morphologies can be easily controled by changing temp
ture and concentration.~2! Perfectivity of the ordered me
sophases gives sharp diffraction peaks, which make it p
6865 ©2000 The American Physical Society
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6866 PRE 62MASAYUKI IMAI et al.
sible to analyze fluctuations of the ordered meso phase
detail. ~3! Interactions in the lamellar structure have be
well investigated over the past two decades@16–20#.

The purpose of this paper is to reveal fluctuations of thL
phase prior to theL→G transition in the surfactant-wate
system using a small-angle x-ray diffraction~SAXS! tech-
nique with a synchrotron-radiation source and newly dev
oped large area charged-coupled-device~CCD! detector
@21,22#. The CCD detector has high spatial resolution, w
dynamic range, and high sensitivity. These features enab
to record the evolution of scattering functions during t
morphology transitions underin situ conditions.

II. EXPERIMENT

We examined the L→G transition of a
C16E7„CH3~CH2!15~OCH2CH2…OH-D2O system @23#. The
nonionic surfactant C16E7 was purchased from Nikko Chem
cals, Inc., and used without further purification and deu
rium oxide purchased from ISOTEC, Inc.~99.9%! was used
after being degassed by bubbling of nitrogen to avoid oxi
tion of the ethylene oxide group of surfactants. The sam
containing 55 wt % of C16E7 was sealed in a glass vial. Fo
homogenization we annealed the sample for 3 h at about
55 °C and then held it at room temperature for 21 h. T
annealing procedure was repeated about one week and
the samples were transferred to a temperature control
with mica windows for simultaneous SAXS and different
scanning calorimeter~DSC! measurements developed b
Yoshida @24#, which regulate the temperature with
60.01 °C. Standard sample dimensions were a diamete
3.0 mm and a thickness of 1.0 mm which brings the po
crystalline L phase. In order to obtain a highly orientedL
phase, we used thin sample cells with a thickness of 50mm
@2#. The orientation of theL phase was checked by polarize
optical microscope observations.

SAXS measurements were performed using a BL-15A
strument at the photon factory~PF! in the high-energy accel
erator research organization~KEK! @21#. In this experiment
we used a 1.5-Å wavelength x-ray beam having a
30.8-mm2 square cross section. The scattered beam wa
corded using the CCD area detector covering the scatte
vectorQ (Q54p sinu/l) range from 0.015 to 0.33 Å21. The
obtained scattering patterns were corrected for the nonun
mity, image distortion, and background scattering.

A SEIKO differential scanning calorimetry~DSC! appa-
ratus DSC5200 with a thermal analysis system 5600
used to examine the thermodynamical stability of theL
phase. The samples with about 60-mg weight were seale
silver DSC pans used for liquid samples. Samples w
heated from room temperature~;30 °C! to 80 °C with vari-
ous heating rates~0.1, 0.5, and 1.0 °C/min! and then cooled
to room temperature with a cooling rate of 0.1 °C/min. T
obtained DSC diagrams were calibrated using standard
phire sample.

III. RESULTS AND DISCUSSION

We show brief features of theL→G transition of a
C16E7/D2O system obtained from the polycrystallin
samples. According to the phase diagram for the C16E7/D2O
in
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system in Ref.@23#, the 55 wt % sample has theC→G and
G→L transition temperature at 42 and 48 °C, respective
~Here the term ‘‘L phase’’ expresses the stacked layer str
ture. The structure of the ‘‘L phase’’ close to theL→G
transition temperature (TLG) will be discussed later.! The
sample was heated from 34 °C~C phase! to 67 °C ~L phase!
and then annealed isothermally~60.1 °C! for 100 min to
reduce the sample history. After the isothermal anneal
the sample was cooled from 67 °C to theTLG with a stepwise
manner. At the predetermined temperatures we meas
SAXS patterns at intervals of 10 min in order to check t
equilibrium structure. After the scattering patterns reached
the equilibrium, we decreased the temperature to the n
step temperature. Especially in the vicinity of theTLG , we
carefully decreased the temperature with intervals of 0.1
and waited 30 min to examine the existence of the incuba
time. The DSC measurements showed theG→L transition
temperature (TGL) of 51.6 °C~heating rate: 0.1 °C/min! and
the TLG of 46.2 °C ~cooling rate: 0.1 °C/min!. The TLG ob-
tained from SAXS experiments is slightly different from th
average value@(TLG1TGL)/2548.6 °C# of the L↔G tran-
sition temperature obtained from the DSC measureme
Hereafter we employ 48.6 °C as theTLG .

Figure 1 shows the evolution of the two-dimensional~2D!
scattering patterns from theL phase to theG phase in the
cooling process. In theL phase@Fig. 1~a!#, the scattering
pattern shows isotropic Debye rings, indicating a random
oriented polycrystalline state. When the temperature is
creased to 48.3 °C, new diffraction spots appears both in
and outside the first lamellar ring after the incubation time
15 min during which the scattering keeps the double-r
pattern @Fig. 1~b!#. Decreasing the temperature to 47.9 °
numerous spots increase their intensities and simultaneo
the lamellar rings decrease their intensities@Fig. 1~c!#.

Surprisingly when we decreased the temperature
44.6 °C, diffraction peaks at inside of the first lamellar pe
disappears and alternative diffraction peaks appear as sh
in Fig. 1~d!. Here we make clear this complicatedL→G
transition behavior. In Fig. 2 we plot the development
one-dimensional scattering profiles obtained by a circular
erage of the 2D patterns as a function of temperature. In
L phase, two Bragg peaks can be seen. The first and se
peak positions areQ050.098 Å21 and 0.19 Å21, respec-
tively, indicating stacked lamellar structure. Decreasing
temperature to theTLG , the peak positions shift to the highe
Q side and a diffuse shoulder appears atQ50.09 Å21. At
47.5 °C, in addition to the lamellar peaks the scattering p
file shows apparent new peaks atQ50.093 and 0.107 Å21

whose ratio is close to)/2 @25#. We also observed new
weak peaks atQ50.15, 0.16, and 0.19 Å21. It should be
noted that the scattering profile at 47.5 °C does not alw
represent an equilibrium structure.

When we decreased the temperature to 43.8 °C, the s
tering profile changed to another pattern. In Table I we
the new diffraction peaks with indices of theG structure
(I a3d). The agreement between the predicted and obse
peak positions indicates that the latter ordered phase is thG
phase and the former structure is a transient structure
tween theL and G phases. Holmes and co-workers inves
gated phase behavior of CiEj /D2O systems and reported in
termediate phases between theC phase andL phase or the
cubic phase andL phase@26#. They attributed the intermedi
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FIG. 1. Evolution of 2D small-angle x-ray
scattering patterns from theL phase to theG
phase. ~a! 50.7 °C~lamellar phase!, ~b! 48.3 °C,
~c! 47.9 °C, and~d! 44.6 °C.
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ate phases to rhombohedral structures. The intermed
phase having space group ofR3̄m provides the most likely
structure which explains the diffraction pattern of the tra
sient structure observed in this study~Table II!. In this paper

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

-

we assign the transient structure to the rhombohedral~R!
structure. In our experiment theR structure is only observed
on cooling from theL phase to theG phase and not observe
on heating from theG phase to theL phase. Furthermore
Fig. 3 shows the time evolution of theR structure at 47.9 °C.
With the elapse of time, the polycrystallineR structure trans-
forms to theG phase in a monodomain state spontaneou
Thus theR structure is not an equilibrium structure but
metastable structure and theL→G transition proceeds via
the transientR structure. The kinetic pathway from theL
phase to theG phase via theR structure will be discussed in
a forthcoming paper and hereafter we focus our attention
fluctuations in the lamellar structure prior to theL→G tran-
sition.

-

TABLE I. List of peak positions at 43.8 °C in Fig. 2 and indice
based on theG phase with a unit-cell dimension of 150.3 Å.

Peak position d spacing Gyroid~Å!

(Å 21) ~Å! (hkl) dcal ~Å!

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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Development of the scattering profile around the first
mellar peak from theL phase to theR structure is shown in
Fig. 4. The scattering profile at 66.1 °C is composed o
sharp Bragg peak atQ050.098 Å21 and a diffuse asymmet
ric tail spread around the Bragg peak. The diffuse tail ori
nates from the undulation of lamellae@16–18# and can be
described by the Caille´ correlation function@19#. Caillé de-
rived a correlation function for the undulating lamellae usi
bulk moduli for layer compressionB and layer curvatureK

S~R!5S~z,r!;~1/r!2hexp$2h@2g1E1~r2/4lz!#%,
~1!

h5Q0
2kT/8p~BK!1/2, ~2!

whereR25z21r2 with r25x21y2, the z direction is nor-
mal to the layers,g is Euler’s constant,E1(x) is the expo-
nential integral function,Q0 is the first peak position, and
l5(K/B)1/2. The powder-averaged scattering function o
tained from the correlation function is given by

S~Q!;E
2`

`

dzE
0

`

dr S~z,r!e2R2p/L2
@~sinQR!/QR#e2 iGz,

~3!

whereL is the domain size andG5mQ0(m51,2, . . . ). For
large Q2Q0>2p/L, the scattering profile exhibits powe
law behaviorS(Q);uQ2Q0u2p with P512h. The inset
~66.1 °C! in Fig. 4 shows the fitting results at 66.1 °C bas
on Eq. ~3! convoluted with a Gaussian resolution functio
with half-width at half-maximum of 231024 Å 21. The pa-
rameter values obtained from this fitting areh50.3 andl
55.0 Å, which give the elastic constantB of 1.631020kBT
and the bending modulusk of 0.7kBT, wherek is derived
from K through the relationk5Kd ~d is the lamellar dis-
tance!. The obtainedk value is close to the thermal energ
which agrees well with the results reported for the lyotro
lamellar phase of a microemulsion system@17#. Thus in this
temperature region, the surfactant membrane has the un
tionally fluctuated lamellar structure.

Decreasing the temperature to theTLG , additional diffuse
scattering begins to grow at the lowerQ side of the Bragg
peak (Q;0.09 Å21) ~Fig. 4!. This new diffuse shoulder can
not be explained by the Caille´ correlation function, indicat

TABLE II. List of peak positions at 47.5 °C in Fig. 2 and ind

ces based on the rhombohedral structure (R3̄m) with unit-cell di-
mensions ofa5130.7 Å andc5175.5 Å ~vw means very weak
peak intensity!.

Peak position
~Å21!

d spacing
~Å!

Rhombohedral model

(hkl) dcal ~Å!

0.0919 68.37 ~110! 68.3
0.1098 57.22 ~003! 58.5

vw ~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
-

a

-

-

la-

FIG. 3. Time evolution of 2D small-angle x-ray scattering pr
files at 47.9 °C~from theR structure to theG phase!.
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ing the existence of another type of fluctuations. The in
~50.6 °C! clearly demonstrates the excess diffuse scatte
deviated from the Caille´ function ~solid line!. In order to
clarify the behavior of the diffuse shoulder, we subtracted
Caillé power-law component from the observed scatter
profiles. The resultant diffuse profiles can be described b
function of the formSsh(Q)5a/@(Q2Qd)21j22#, wherea
andj are constants andQd is the position giving maximum

FIG. 4. Evolution of small-angle x-ray scattering profiles arou
the first lamellar peak from theL phase to theG phase as a function
of temperature. For convenience each profile is shifted along
intensity axis. Inset figures show the result of the fitting of an
perimental profile for 66.1 °C and 50.6 °C by the Caille´ correlation
function ~solid line!.

FIG. 5. Evolution of excess diffuse scattering profiles as a fu
tion of temperature. The horizontal axis isQ2Q0 , whereQ0 is the
first peak position of the lamellar structure.
t
g

e
g
a

intensity of the diffuse scattering. Thus the excess scatte
has a maximum atQd(ÞQ0).

In Fig. 5 we plot the subtracted diffuse shoulder scatter
profiles againstQ2Q0 at different temperatures. Decreasin
the temperature fromT563.2 °C to theTLG , the intensity of
the excess diffuse scattering increases with keeping the p
maximum position. The diffuse scattering profiles were
versible against the temperature. At 48.3 °C, the diffu
shoulder transforms to the sharp peak attributed to the~110!
spacing of theR structure. The agreement between the po
tions of the diffuse shoulder and the~110! peak of theR
structure indicates that the transformation to theR structure
proceeds using a characteristic length of the new fluctua
mode of lamellae.

Qi and Wang@27# investigated the stability of theL phase
using a Leibler free-energy functional and found that t
least stable fluctuations appear when theL phase closes to its
spinodal. Recently Saeki and co-workers@28,29# developed a
computational simulation scheme to obtain the equilibriu
structure of ordered mesophases. They introduced a time
rivative of the local order parameterc to the time-dependen
Ginzburg-Landau scheme and constructed the follow
couple of kinetic equation:

e
-

-

FIG. 6. ~a! Perforating lamellar structure obtained in Saek
simulation @28#. ~b! Scattering functions of the PFL structure
S'(Q) is the perpendicular component to the lamellar plane a
Si(Q) is the parallel component to lamellar plane.
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FIG. 7. Evolution of 2D scattering pattern
S'(Qx ,Qy) from theL phase to theG phase~a!
65.1 °C,~b! 49.4 °C,~c! 48.3 °C, and~d!–~f! time
evolution of scattering patterns at 47.6 °C.
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f~r !5D~2Ac1uc32DDc!2B@c2112 f #, ~4!

]

]t
c~r !5f~r !. ~5!

The velocity fieldf(r ) plays a role in accelerating the con
vergence of the kinetic equation to the equilibrium structu
Using this scheme, Saeki found perforated lamellae clos
the TLG as shown in Fig. 6~a!. The channels in the lamella
fluctuate with time and do not show characteristic spa
symmetries such as hexagonal symmetry observed in b
copolymers~HPL phase!. Thus, this structure is not the HP
phase but the perforation fluctuation layer~PFL! structure.
The corresponding scattering functions of the PFL for pa
lel Si(Q) and perpendicularS'(Q) to the lamellar plane are
shown in Fig. 6~b!. A sharp Bragg peak in theSi(Q) profile
.
to

l
ck

l-

corresponds to the lamellar spacing. It should be noted th
diffuse peak appears inS'(Q) at a slightly lowerQ side of
the first lamellar peak position. The existence of the diffu
peak indicates that the interchannel distance has a chara
istic length although the PFL structure does not have lo
range order. These results suggest that the experimen
observed diffuse peak originates from the PFL structure.

In order to confirm the validity of the PFL model w
performed scattering experiments for oriented lamell
which reveals the behavior of in-plane and out-of-plane fl
tuations. Figure 7 shows the evolution of the 2D scatter
patterns,S'(Qx ,Qy), during the cooling process from theL
phase to theG phase when the x-ray beam irradiates perp
dicular to the lamellar plane. The scattering pattern
65.1 °C @Fig. 7~a!# is monotonic without Bragg peaks con
firming that the x-ray beam irradiates perpendicular to
lamellar plane. Decreasing the temperature to theTLG , a
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diffuse isotropic scattering ring appears@Fig. 7~b!#, indicat-
ing the development of the in-plane density fluctuations. F
ure 8 shows the temperature dependence ofS'(Q) obtained
by the circular average of the 2D scattering patterns wit
scattering function of the polycrystalline lamellae,Spoly(Q)
at 49.5 °C. The in-plane density fluctuations give a diffu
peak atQd;0.09 Å21 and the peak position is the slightl
lower Q side of the first lamellar peak, which agrees w
with the PFL model of the Saeki’s simulation. Thus, cha
nels in lamellae have the short-range order with an isotro
in-plane arrangement but the long-range order. Decrea
the temperature from 65.1 °C to theTLG , the intensity of the
diffuse peak increased as observed in the polycrystal
sample. The diffuse excess scattering observed in the p
crystalline sample arises from the PFL structure.

It should be remarked that the HPL~PL! structure fre-
quently observed in block copolymers@4,5# may explain the
observed SAXS pattern for the polycrystalline sample. Ho
ever, this model can be excluded because of the diffuse s
tering peak profile and the absence of higher-order refl
tions characteristic to the HPL~PL! structure in the
scattering pattern for the oriented lamellae~see Figs. 7 and
8!. Hajduket al. showed that the characteristic feature of t
scattering profile for PL is decreased in the intensity of
second-order lamellar peak compared to the first-order
@4,5#. Figure 2 clearly shows that the growth of the diffu
excess scattering does not accompany a decrease in
second-order lamellar reflection. Thus the PFL structure
the most appropriate to explain observed diffuse scatteri

When the temperature approaches theTLG the intensity of
the diffuse ring increases. At 47.6 °C hexagonal diffract
spots~corresponding to diffraction spots from$300% crystal
planes! of theR structure appear with hexagonally symme
diffuse fragments@Figs. 7~c! and 7~d!#. With further anneal-
ing at 47.6 °C the scattering pattern transforms to the typ
G phase pattern@Figs. 7~e! and 7~f!#. Here it should be noted
that diffraction spots from$211% crystal planes appear at th

FIG. 8. Evolution ofS'(Q) from theL phase to theG phase as
a function of temperature with the scattering function of polycr
talline lamellarSpoly(Q) 49.5 °C.
-
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diffuse peak position of theR structure. The kinetics of the
L→G transition is fairly complicated and so we will discus
this matter in a future paper.

Before we discuss the nature of the PFL, we examine
behavior of the undulation fluctuations. If we an irradia
x-ray beam parallel to the lamellar plane, we can estimate
undulation mode of the lamellar structure. Figure 9~a! shows
the 2D scattering pattern under the parallel conditio
Si(Qz ,Qx) at 63.0 °C. The scattering pattern has two inten
spots on the ring, indicating a high orientation of the lam
lae. Figure 9~b! shows the temperature dependence of
Si(Q), obtained by sector averaging to theQz direction. The
scattering function shows a sharp Bragg peak with a diff
asymmetric tail spread around the Bragg peak, which i
typical profile for the undulating lamellae as described b
fore. Decreasing the temperature to theTLG , the diffuse tail
keeps its profile and the excess diffuse scattering at the lo
Q side of the Bragg peak does not grow. Thus the amplitu
of undulation fluctuations does not change significantly pr
to theL→G transition and so we can concluded that the P
is responsible for the diffuse excess scattering observed
the polycrystalline sample.

As mentioned in the Introduction, Hajduket al. @4,5# ob-
served the HPL~PL! morphology prior to theL→G transi-
tion in block copolymers. They showed that these structu
are long-lived nonequilibrium states, which convert to t
gyroid morphology upon isothermal annealing. Thus the
structure is metastable@13#. Then it is quite important to
examine the thermodynamical stability of the PFL structu
observed in the surfactant-water system. In the SAXS exp
ments, we confirmed the reversibility of the diffuse scatt
ing function against temperature for polycrystalline a
highly oriented samples, which suggests the PFL is equi
rium structure. Here we show results of DSC experimen
Heat flows of the sample for the heating process from ro
temperature~C phase! to 80 °C~L phase@23#! with a rate of
0.1 °C/min and for the cooling process from 80 °C to roo
temperature with a rate of 0.1 °C/min are shown in Fig. 1
For both heating and cooling processes, theL↔G transition
gives sharp peaks, although the transition has thermal
teresis of about 5 °C. Here we cannot observe the latent
of the L→R transition. This may be due to the very slo
cooling rate. The latent heats of theL→G transition andG
→L transition were 0.5 mJ/mg for both.

On the heating process after theL→G transition, the DSC
curve shows a broad weak exothermic peak around 65
and a corresponding endothermic peak is observed on
cooling process as shown in Fig. 10. In the SAXS expe
ments, the intensity of the excess diffuse scattering begin
increase around 65 °C and becomes constant at 52 °C.
agreement between the behavior of the SAXS profiles
the latent heat peaks in the DSC measurements indicates
the latent heat is due to the formation of the PFL structu
Thus the PFL structure in the surfactant-water system
thermodynamically equilibrium state. On the contrary, t
HPL ~PL! in block copolymers is a metastable state a
transforms to theG phase spontaneously. According to th
fitting of the SAXS profiles of this system based on the p
cedure of Nalletet al. @20#, we obtained a hydrophobic bi
layer thicknessdc514.460.04 Å, a hydrophilic layer thick-
ness dc519.961.3 Å ~bilayer thicknessd554.263.0 Å),

-
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FIG. 9. ~a! 2D scattering pat-
tern Si(Qz ,Qx) at 63.0 °C. ~b!
Evolution of Si(Qz) from the L
phase to theG phase as a function
of temperature.
t o
ro
L

r
h

ve

in
ce of
dic-
and lamellar periodicityd559.8 Å at 65 °C@30#. Thus most
of the water molecules penetrate into the hydrophilic par
the surfactant bilayer. The water molecules in the hyd
philic part possibly play some roles in stabilizing the PF
structure.

Qi and Wang@27# investigated the stability of the lamella
phase using a Leibler free-energy functional. They found t
anisotropic fluctuations appear when theL phase closes to its
f
-

at

spinodal. The dominant fluctuations will come from wa
vectors on two rings atQz56 1

2 Q0 and uQu5Q0 . Thus the
fluctuations give a diffuse peak atQ5)/2Q050.87Q0 . Us-
ing the values ofQd50.093 Å21 and Q050.106 Å1 in our
experiments at 49.5 °C~Fig. 8!, we obtain the relationQd
50.88Q0 . Although this numerical coefficient changes
the range of 0.86–0.92 due to the temperature dependen
Q0 , we find good agreement between the theoretical pre



ua
ll

ns

F
it

er
-

ri
a
er

th
l-

e
m
.
ua

the
sult
llar
ra-

FL

red
ver,

er.

a
d

dis-

for

it e

PRE 62 6873FLUCTUATIONS OF LAMELLAR STRUCTURE PRIOR TO . . .
tion and experimental results. Thus the modulation fluct
tions correspond to the least stable modes of the lame
structure near its spinodal.

According to the theory of Qi and Wang, the fluctuatio
diverge at the spinodal of theL phase and develop to theG
phase via a body-centered-cubic-based PL structure. In
11 we show the evolution of the diffuse scattering intens
for S'(Qd) and for the polycrystalline sampleSpoly(Qd) as a
function of temperature,T2Tc where Tc548.3 °C(TLG).
The plots of 1/S'(Qd) and Spoly(Qd) againstT2Tc give a
master temperature-dependence curve. The diffuse scatt
begins to grow aroundT2Tc;15 °C. Decreasing the tem
perature toTLG , the intensity increases untilT2Tc;4 °C.
In the range ofT2Tc,4 °C, however, the growth of the
diffuse scattering is suppressed and the diffuse scatte
peak reaches an equilibrium profile. It is worth noting th
this equilibrium temperature corresponds to the end temp
ture of the broad endothermic peak in the DSC profile~Fig.
9!. Taking into account the fact that the peak position of
diffuse scattering inS'(Q) does not change during the coo
ing process, a possible explanation of the increase ofS'(Qd)
with T→TLG is as follows. Around T2Tc;15 °C,
amplitude-modulation fluctuations appear in lamella
Modulation fluctuations increase their amplitude as the te
perature approachesTLG and finally develops to the PFL
The difference between the amplitude-modulation fluct

FIG. 10. DSC curves of 55 wt % C16E7 D2O solution for the
heating process with 0.1 °C/min and for the cooling process w
0.1 °C/min.
. I

K.

.

-
ar

ig.
y

ing

ng
t
a-

e

.
-

-

tions and the perforation fluctuations is the amplitude of
fluctuations. Thus, the PFL structure may appear as a re
of softening of the free-energy landscape of the lame
phase. The PFL is an equilibrium structure in the tempe
ture range 0,T2Tc,4 °C. At theTLG , first the transientR
structure appears and then transforms to theG phase. It is
quite interesting to note that the~110! peak of theR structure
appears at the diffuse scattering peak position of the P
structure and the~211! peak of theG phase grows at the
diffuse scattering peak position of theR structure. This indi-
cates that the fluctuations around the equilibrium orde
mesophases play an important role in the OOTs. Howe
the kinetic pathway from theL phase to theG phase is fairly
complicated and we will discuss this matter in a future pap
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h
FIG. 11. Plots of 1/Spoly(Qd) and 1/S'(Qd) againstT2Tc ,

whereQd is the position giving maximum intensity of the diffus
scattering.
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