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Addition of hydrophobic guest molecule (1,5 into the nonionic surfactant/water system
(Ci6E7/D5,0) system modifies the phase behavior between the lamellar and column phases. The
distribution of the added guest molecule in the microstructure and the interfacial structure is
examined by using a small angle neutron scattering technique. The characteristic length and the
interfacial thickness of the microstructure are deformed in order to optimize the distribution of the
guest molecules. The obtained experimental results including the existence of the double gyroid and
rhombohedral phases are in agreement with those of the simple model of diblock
copolymers. ©2003 American Institute of Physic§DOI: 10.1063/1.1591734

INTRODUCTION structure. Those calculations, however, run the risk of over-
wooking complex three-dimensional morphologies that has

Block copolymers and surfactant/water systems sho A | >
been previously well-identified.

various ordered meso-phases such as body centered Culgigt . . . .
. From these considerations, the purpose of this study is to

spheres(B), columns(C), lamellar (L), and double gyroid . . o

. elucidate the guest molecule induced order—order transition
(DG) phases. 'These structures are stap|llzed by the balanci:ﬁ the surfactant/water/hydrophobic guest molecule system
of the interfacial energy and conformational entropy of mMO-from experimental and theoretical points of view. First we
lecular chains. By changing the external environment, thenake clear a phase behavior of the ternary mixture system.
balance is easily modified and the system shows an orderfhe obtained experimental results are investigated in terms
order transition so as to minimize the free energy. Especiallypf a simple model which allows us to study it analytically.
the addition of guest molecules to the ordered meso-phasddie key factor in understanding the morphology phase be-
modifies the conformations of the molecular chains in thehavior is that the effects of the added guest molecule is in-
microstructure and brings a unique order—order transition. If€rpreted as a change of the interfacial thickness. We will
this context there are extensive studies on the phase behaviofa@mine the distribution of the added guest molecule in the
of block copolymer/homopolymefBCP/HP blends! The microstructure and the interfacial s_tructure using a small
distribution of homopolymer within the microstructure deter- angle neutron scatterin@ANS) technique.
mines the equilibrium structure and eventually produces
complex new morphologies. Actually, Landh reported a paEXPERIMENT
rade of the cubic minimal surfaces B&DD (double dia- In this study we added GH.¢ (n-dodecanginto a binary
mond — DP (double primitive — C(P) (Neovious in the  mixture of D,O and G4E;. It should be noted that the alkyl
pine oil monoglycedrides-poloxamer 407 block copolymer—chain length of GH,g is slightly shorter than that of &, .
water system with increasing of the water conteRecently ~ The nonionic surfactants 6€; (purity >98%) and (purity
Dotera showed a similar cubic phase sequence in BCP/HP98% dodecane were purchased from Nikko Chemicals
blend using a Monte Carlo simulation techniqu@ne of the  Inc. and Kanto Chemical Co., Ltd., respectively, and used
most successful theories, on the other hand, is the self¥ithout further purification. The phase behavior of the

consistent mean field theory applied to BCP/HP blehAs. C16E7/D2c.) system is well characterized by Katoal” The
ternary mixture samples for the SANS measurements were

plausible explanation of the guest molecule induced order— repared by the following procedure. The surfactant and wa-
order transition is change of the spontaneous curvature d & mixtures were homogenized aﬁd then dodecane was
to the distribution of the guest molecule inside of the micro-,44ed to the surfactant solution at room temperaizokimn
phase. The ternary mixture samples were monophasic and
3Electronic mail: imai@phys.ocha.ac.jp transparent in the observed temperature region. SANS mea-
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FIG. 1. Phase diagram for,gE, /D,0/C,,H,s System. The R phase of the (C)
gray region is observed during the process of theDG transition.
(a) 02 g /& 0.25
surements were performed using a SANS-U instrument of 10° i i i
the Institute for Solid State Physics, The University of Tokyo . A :
at JRR-3M of the Japan Atomic Energy Research Instftute. 'c% 3 .«. ¢Cmm. 8;81? E
In this experiment we used 7.0 A wavelength neutron beam =~ ‘ : s 0021 | 7
with the wavelength resolutioA\/\ of 10%. The obtained ;‘ 10 F s °© 0.000 |
scattering profiles were corrected for the nonuniformity, & [ ;A‘.’.“ & ]
background scattering, and incoherent scattering from proto 51—»:) A Y 1
nated substances. A differential scanning caloriméddsC) = / \\‘ \T~
apparatus Seiko DSC6100 and a small angle x-ray scatterin /% A 43 ]
(SAXS) apparatus Rigaku NANO-Viewer-IP with confocal - 0% “k.m 3
mirror were used to examine the phase behavior of the ter /:g e -
nary mixture samples. For the DSC measurements, the 10° F N o 3
samples with about 60 mg weight were sealed in silver DSC P/ ]

pans used for liquid samples. Samples were heated fron(b)
room temperature~25°C) to 80°C at fixed heating rates
0.5°C/min. The obtained DSC diagrams were calibrated us-

ing standard sapphire sample. The SAXS measuremenfdG. 2. (@ Dependence of scattering intensity on temperaturé@t,, .
were performed using a point focusing camera withKGu =0.93. (b) Dep?ndence of scattering intensity on addegHgs volume
radiation. The scattering patterns were recorded on a 102fr ction at 38.5°C.

X 1024 pixels two-dimensional imaging plate covering the
scattering vectorq(q=4msin6/\) range from 0.03 to
0.30 A%,

o
0.05 0.1 0.15 0.2 q/A-l 0.25

plays an important role in the kinetic pathway from L to DG
transition/ Addition of the guest molecule untitbe 1,
~0.03 does not affect the morphology sequence as shown in
RESULTS AND DISCUSSIONS Fig. 2(a). However, whenpc 1, exceeds-0.06, R and DG

Addition of the hydrophobic guest molecule {(H5¢) phases disappear on the phase diagram and the L phase trans-
into the 55 wt % G¢E;/D,O system modifies the phase be- forms to the C phase directly by changing the temperature.
havior. Figure 1 shows the temperatube; . (¢éc n,,:  Thus with increasingpc 4, . the system shows the mor-
volume fraction of dodecanghase diagram of the ternary phology transition €&DG—L as shown in Fig. th). The L
system at 55 wt% @GE; solution and the corresponding phase is stabilized by the addition of the guest molecule,
SAXS profiles are shown in Fig. 2. Without the guest mol-whereas the DG and R phases are destabilized and finally
ecule, the system shows a typical morphology sequence Hisappear on the phase diagram. This experimental observa-
—MFL—R—DG—C, where MFL and R phases designatetion shows good agreement with the phase diagram of
a modulation fluctuation layer structure and a rhombohedraBCP/HP blends obtained by Matsémn the case of the L
network structure, respectively. The two morphologies arghase, according to the reference, the segregation between
characteristic intermediate structure observed in L to DCGcopolymers and homopolymers enhances order of the lamel-
transition of nonionic surfactant/water systems. Especiallyar phase and increases the lamellar spacing, resulting in the
the R phase has3R symmetry which is subgroup df,z4 stabilization of the L phase.
symmetry for the DG phase, indicating that the R phase One of the requirements to describe the qualitative phase
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behavior observed in our surfactant/water system as well a: 0.00
copolymers is that it captures the most essential physics o
the ordered phase under consideration while the mode
should be free from the details of the system thanks to the
isotropy. Recall that in our system the R phase is observec
between the L and DG phases. Another requirement for the
successful framework is that the existence and stability of the
DG and R phases can be realized by the simple model. The! 0.20
we apply the following model to describe the phase behavior
of the ordered meso-structures.

By minimizing the Cahn—Hlilliard type equations of the
free-energy functionaf ,, both the DG and R morpholo- 0.30
gies are dictated in some parameter region of the Ohta-
Kawasaki model for diblock copolyme?s® ( a)

<l

o104~

2
FE,(,(u>=fQ(%|Vu|2+W<u>

+2l(=2) u-T)P |dr, M

whereu=|Q| [, udr and (—-A) *?is a fractional power
of the Laplace operator. The phase functiondescribes
roughly the microscopic state of the polymers relevant to its
transition between phases. The notati@nrepresents the
physical space which is taken to be the unit cpbel]3, and
W(u) is set to the form§®— 1)?/4. The first term minimizes
unfavorable interfaces and the third term avoids overstretch:
ing the polymer blocks. The period of the minimizer is a (b) ~ 02
meso-scale between results from the competition described
earlier. _\Ne set apprpprlately tm/.e= 211(1_U2) 7,2 |n. Orde.r FIG. 3. (8 The u—e phase diagram of the stable morphology whefe
to consider a periodic structure in space wittbeing its unit =211 -T2)~2 (b) The views of the rhombohedral morphology from the
domain® The parametee thus represents the rescaled inter-various directions. All figures show the isosurfacesiat0.10.
facial thicknesgcorresponding to the ratio of the interface
thickness to the layer interval

Figure 3a) illustrates the phase diagram obtained nu-  In this connection, it is worth noting some geometrical
merically from the comparison of thE, ,(u) between the measures of the R morphology. We estimate that 80% of
candidate structures. For nonparallel layers, we compare thee total surface has zero or negative Gaussian curvéture
F.. values with|Q| changing slightly in order to select the for e=0.04(67% for e=0.01). The interfacd’ of R, in the
lowest-energy morphology. The L phase is stable for small other words, has saddle shaped areas everywhere. The Euler
whereas the R and DG phases are stable for larde the  characteristicy (=(27) 1K dS) is —24, in which the
limit of €\,0, the contributions from each term Bf, , are  unit cell investigated here is shown in Figlb® The local
equally balanced in the order 6f(¢).1° The smalle regime  mean curvatures foe=0.04, on the other hand, distributes
of the phase diagram of Fig(& is consistent with the phase around the zero value rather sharply than that€er0.01.
behavior of Fig. 1. The local phase behavior obtained fromWhenu=0.00, in particular, the mean curvature of the R
the skeleton model investigated here can be applied to denorphology approaches into the zero value, while that of DG
scribe roughly a variety of behaviors between the ordereds 1.84. The details will be reported somewhere. We assert
meso-phases. that the stabilization of the DG and R phase is dominated by

The morphology of the system for large on the other the ratio of the interface thickness to the layer interval.
hand, can be determined by the area minimization of the The theoretical results described above have been con-
interface region, whereas its characteristic layer spacing anirmed experimentally as follows: We examined degree of
enclosed region has a fixed length and volume, respectivelprder and membrane thickness as a function of guest mol-
They, therefore, are close to the constant mean curvaturecule concentration. This ternary mixture system consists of
surfaces. We denote here the interface by the level st of hydrogenated surfactant, hydrogenated hydrophobic guest
={reQ:u(r)=u}. As shown in Table |, a border—whether molecule, and deuterated water. In the mixture the hydro-
the ared” of the R morphology is smaller than that of DG— philic part of the bilayer is swollen by the deuterated water

falls in the region around=0.10(The ared of L is 2°?). like the polymer swollen brust?:3 Thus the system can be
This is in good agreement with the R-DG transition line of described by a three layer model consisting of a water layer,
the phase diagram of Fig(8. hydrophilic interfacial layer, and hydrophobic lay@rydro-
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TABLE I. The u dependence of ardaand integral of mean curvatuté¢ (/1 HdS) near the DG-R transition

region.
Areal’ Jr HAS
u DG R DG R DG R

0.00 5.570 5.336 5.353 5.293 9.878 0.197
0.05 5.497 5.308 5.306 5.270 10.097 4.821
0.08 5.450 5.287 5.275 5.257 10.298 5.795
0.09 5.435 5.279 5.261 5.253 10.178 6.075
0.10 5.420 5.272 5.250 5.248 10.238 6.326
0.11 5.405 5.264 5.239 5.242 10.301 6.558
0.12 5.389 5.256 5.228 5.237 10.367 6.774
0.15 5.339 5.230 5.192 5.219 10.570 7.534

phobic group of the surfactant and hydrophobic guest mol=59.1 A, we obtainy=0.23, which agrees well with the
ecule. In order to extract the structural parameters, the scaffitting value of 0.25. Thus the pure gE,;/D,O system is
tering profiles for the L phase of;gE;/D,0/C,,H,¢ system  well described by the three layer model.

at 57.5°C were fitted by the model scattering function for  Figure 4a) shows the variation of the hydrophobic layer
the lamellar structure proposed by Nal&stal,' thicknessé as a function of the volume fraction of the guest
moleculeqbchHZG. A solid line in Fig. 4a) is the expected

N
loowa™ =2 P(0)S(q), (2 dependence of the hydrophobic layer thickness assuming that
q the added guest molecules are completely segregated in the
2(Ap)? , 5
P(q)= 7 [1—-coggd)exp(—qo/2)], ()
29
. n gdn
S@=1+22 (1_N COS(1+2(Aq)2d2a(n)> =
2q2d2a(n) + (Aq)?d’n? <
X XD T (15 2(Aq)2d%a(n) o
L " 26
>< L
V1+2(Ag)®d®a(n) 25
whereN is the number of lamellar layerdp is the contrast
between the hydrophobic part of bilayer with widéh(in- 24

cluding thickness of hydrophobic guest molecule layerd
the solvent and thA g is the width of the resolution function (a) 4
assuming a Gaussian profile. The interface thickneds

defined as the Gaussian distribution width &iThe a(n) is b T ' ' ' ' ' '

a correlation function for undulating lamellae expressed by

a(n)=(nl47?)[In(7m)+y] with Euler’s constanty. Caille 0.04 k J
parameter is given bngkBTISm/ﬁ whereK is the bulk 3 °

bending modulusB is the bulk modulus for layer compres- o)

sion, andq, is the position of first Bragg singularity, 003 I ° i
=2s/d. Without the guest molecule, the scattering profile

gave the following parametersi=59.1 A, §=23.3A, ¢ 002 F ° i

=3.2 A, and »=0.25. Using the simple dilution lave
=6l ¢c g, (dc g, volume fraction of GeEy), the thick-
ness of the bilayer can be estimated as 34.6 A. This value 0.01 | .
agrees with the value of+40=36.1 A, since in this model
the hydrophilic part of the surfactant exists in the interfacial

; ; ; ; i 0.00 . L L L L L L 9
region. The interlamellar interaction of the nonionic b) 0.00 0.02 0.04 0.06 0.08
surfactant/water system is governed by the Helfrich (banzs
interaction’® which gives a simple relationship among the FIG. 4. (a) Dependence of hydrophobic width on addegG, volume

Caille parameter, membrane thickness, and lamellar spacinghction and schematic illustration of a three layer mott®l Dependence of
by »=4(1-45/d)%/3. When we uses=34.6 A, andd interfacial thickness on added £, volume fraction.
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center of the bilayer. In this calculation, we used incompressediblock copolymers. In order to optimize the distribution of
ibility of each molecule and molecular volumes of the func-the guest molecules, the spacing between layers increases
tional groups-2 The hydrophobic layer widti increases lin-  and the rescaled interfacial thickness decreases with increas-
early R increases, although the values are somewhaing the addition of the guest molecules, resulting in the dis-

smaller than the expected values assuming complete segr@ppearance of the DG and R phases for smallhe agree-
gation. Thus the GH, molecule is mostly segregated from ment between our experiments and numerical results lends
the hydrophobic part of surfactant molecules, but partia”yfurther support to our assertion that the rescaled interface
penetrates into the hydrophobic part. This segregation migthickness is regarded as a factor to determine the ordered
bring the sharp distribution of the hydrophobic group in themeso-phase of the system.

bilayer and enhance the order of bilayer, since the Caille

parameter; decreases with increasira;@hleZG. On the other .
. . For examples, |. W. Hamleylhe Physics of Block Copolyme{@®xford
hand, the partially penetrated mol'ecule increases the .surfacebniversity Press, New York, 1098
area per surfactant molecule, which decreases the thickness. Landh, J. Phys. Chends, 8453(1994.
of the hydrophilic part due to the connectivity. The ragitd jT. Dotera, Phys. Rev. Let89, 205502(2002).
of the interfacial thickness to the lamellar spacing decreasegM- W. Matsen, Macromolecule28, 5765(1995.
ith the addition of hydrophobic guest molecules as shown 7. Katoet al, Langmuirll, 4661(1995.
with ydrop g : 5Y. Ito, M. Imai, and S. Takahashi, PhysicaZi3-214, 889 (1995.
in Fig. 4(b). Thus the addition of the hydrophobic guest mol- 7M. imai et al, J. Chem. Physl15 10525(2001).
ecules into the surfactant/water system brings a sharp bound;—T . Ohta and K. Kawasaki, Macromolecul$, 2621(1986.
; ; _ Y. Nishiura and I. Ohnishi, Physica B4, 31 (1995.
ary o_f.the surfacta}nt bilayer, which causes the or.der ordelroT_ Teramoto and Y. Nishiura, J. Phys. Soc. Jp@. 1611(2002.
transition as.predlcted by the numerical calculation phase Fiakowski, A. Aksimentiev, and R. Holyst, Phys. Rev. L6, 240
diagram of Fig. 8a). (2001).
In summary, we studied the morphology phase behavioﬁK- Minewaki et al, Langmuir17, 1864(2002.
of the Q6E7/D20/C12H26 ternary mixture system and dis- S.g‘ggMnner, T. A. Witten, and M. E. Cates, Macromoleculzg 2610
cussed qualitatively the effect of the added guest molecule t8¢ Ngjlet, R. Laversanne, and D. Roux, J. PhysS, 1887 (1993.
the interface structures based on the skeleton model fdfw. Helfrich, Z. Naturforsch. A33a 305 (1978.
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