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中性子散乱：結晶構造が分かる
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q = k - k’	
q=2k sinθ	
  =2(2π/λ)sinθ

+
qa/2 = nπ	
q=2πn/a

2a sin θ = nλ	
ブラッグの法則
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1.中性子小角散乱概論	

〜 小角散乱の研究例 〜

大きさ：　１ナノメートル～１マイクロメートル程度	

得られる情報：　形・大きさ・並び ⇒ いわゆる「構造」に関する情報．	

良く測定されている系：　高分子 （繊維, プラスティック, ゲル） ・ 液晶 ・ コ
ロイド （食品, 洗剤, 化粧品, ナノ粒子） ・ 結晶のモザイクの大きさ



中性子小角散乱は、結晶の格子間隔よりも大きいナノ～サブμmの構造
を調べる実験手法である。Braggの法則によれば、波長λの中性子が格子
間隔dを持つ物質に散乱されると入射中性子に対して散乱角θの2倍の角
度に回折線が現れる。 

	 	 	 	 	 　　(1) 

ここで 

	 　　	 	 	 　　(2) 

は運動量遷移（または波数）である。散乱実験に用いられるＸ線や中性子
線の波長は数Å程度なのに対して、ナノスケールの構造の特徴的な長さd
はその10倍～100倍程度である。従って式(1)より散乱角θは数度以下に
なる。それが「小角散乱」と言う名前の由来である。

q = 2π
d
=
4π sinθ

λ

2dsinθ = λ



小角散乱によってそれぞれの運動量遷移qにおける散乱強度I(q)が次のように
得られる。 

　　　　　　　　	 	 	 　　　(3) 

ここでI0は入射強度、SとDは試料の断面積と厚み、Tsは試料の透過率、ΔΩ
は検出器の素子が見ている立体角である。この中で微分散乱断面積は 

	 	 	 　　　　　　　　　　　(4) 

（Δρは散乱のコントラスト、nとVは散乱体の数密度と体積）で与えられ
るが、実験結果を散乱体形状のフーリエ変換である形状因子P(q)と、散乱体
同士の空間相関のフーリエ変換である構造因子S(q)に分けて解析することに
よって、物質の構造の詳細が分かる。 

dΣ
dΩ
(q) = Δρ2nV 2P(q)S(q)

I (q) = I 0SDTs
dΣ
dΩ
(q)ΔΩ



散乱体の形状（形と大きさ）のFourier変換

形状因子



形状因子を実験的に求める方法

• 希薄系（濃度数%程度）ならばS(Q)~1と仮定できるの
で、構造因子を考えなくて良い。	

• 得られた小角散乱プロファイルを既知のモデルと比較し
てフィッティングする。
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右回りの基本→ モデル計算の基礎となる形状因子の算出
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球の形状因子
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F(q) is determined by the shape of the particle : Form factor

f1(q) =
3 sin(qR)− qRcos qR( )⎡
⎣

⎤
⎦

qR( )
31) sphere with radius R

R

f2 (q) =
V (R1) f1(q, R1) - V (R2 ) f1(q, R2 )

V (R1)-V (R2 )
2) spherical shell with outer radius R1

and inner radius R2

R1R2

f3(q) = 1
M 3

ρ1V (R1) f1(q, R1)+ ρi − ρi−1( )V (Ri ) f1(q, Ri )
i=2

N

∑
⎡

⎣
⎢

⎤

⎦
⎥

here  M 3 = ρ1V (R1)+ V (Ri ) ρi − ρi−1( )
i=2

N

∑

3) sphere with layered structure
#i layer’s scattering length : ri
#i layer’s outer radius : Ri

ref. J.S. Pedersen, Advances in Colloid and Interface Science, 70, 171-210(1997)
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4) randomly oriented elipsoid
with R, R & eR
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R
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here  B1 x( )  is the first order Bessel function

5) randomly oriented cylindar
with radius R & length l

R

l
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右回りの基本→ モデル計算の基礎となる形状因子の算出

今はPCの性能が良いので種々のサイズや形状の粒子からの散乱を簡単に計算できます。

R=2nm
R=4nmR=7nm

R=10nmI(q
)/(
rV
)2

種々のサイズの球からの散乱プロファイル 種々の形状の散乱プロファイル

散乱体が遠くまで広がっている（サイズが大きい）ほどピーク幅は狭くなる

→ 広がり具合（サイズ）とピーク幅の関係は明確

重心位置からどれくらい遠くに原子が何個あるかによる ← 形状に依存する

→ 形状によりプロファイルが異なる
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1. 原理：なぜ小角散乱プロファイルからサイズ情報が得られるか？

2. 測定からデータリダクションまで：

測定ままのデータから小角散乱プロファイルを取り出すか？

中性子小角散乱(SANS)とX線小角散乱（SAXS)の違いは？

3.   解析：どうやって材料組織パラメータを引き出すか？
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濃厚系や多分散系等の場合

まずは簡単な近似からスタート

9

Xk

Q-1

Guinier近似 Porod則



Guiner近似

André Guinier (1911-2000: フラ
ンス人)

形状因子F(Q)をマクローリン展開し、２次の項まで考慮した近似。
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Xk

Q → 0 の極限で、散乱強度は回転半径の関数として記述出来る．	
（光散乱でも有用な法則）

� 

Rg
2 = 1

N
Xk

2

k=1

N

∑

回転二乗半径Rg
2の定義

Xk: 重心からの距離



Xk

例１：「半径Rの球」の回転二乗半径

� 

Rg
2 = 1

N
Xk

2

k=1

N

∑ =
X 4dX

0

R∫
X 2dX

0

R∫
= 3
5
R2

例２：「長さLの棒」の回転二乗半径

� 

Rg
2 = 1

N
Xk

2

k=1

N

∑ =
X 2dX

−L / 2

L / 2∫
dX

−L / 2

L / 2∫
= L2
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例３：「半径rの円盤」の回転二乗半径

� 

Rg
2 = 1

N
Xk

2

k=1

N

∑ =
X 3dX

0

r∫
XdX

0

r∫
= r2

2

異方性が大きいと、回転半径Rgは小さく見積もられる．

二次のモーメント
の計算

回転半径



Q-1

連続体近似では、Qが大きい領域（Q >> 1/Rg）
では界面からの散乱が支配的になる．

Günther Porod (1919 – 1984: Graz
大学・オーストリア人)

� 

I Q( ) = 2πΔρ2 S
V
Q−4,

比界面積： 単位体積あたりの界面積

球(半径R)の場合： S/V = 4πR2 × n	
円柱（半径R, 高さh）の場合： S/V = (2πR2+2πRd) × n 	
n： 散乱体の数密度

絶対強度が分かれば、Q >> 1/Rgで界面積が定量的に評価出
来る．（界面積が大きいと散乱強度は増す．）

Porod則
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R = 5
3
Rg

球の形状因子



R

L

L/R = 10

円柱の形状因子



R

L

L/R = 1/10

円盤の形状因子



Guinier領域 Porod領域形状に依存

形状因子の比較



各粒子の重心の位置の相関を表す

構造因子

構造因子は粒子間の相互作用によって決まる：適切なモデルを使わなければ解けない



小角散乱強度＝形状因子×構造因子



研究例-1 
Microemulsion



マイクロエマルションの臨界現象

water

oil

hydrophilic

hydrophobic

H. Seto, et al.  J. Chem. Phys. 99, 5512 (1993)



Surfactant

Water Oil

Lamellar

Spherical Micelles Inverted Micelles

Irregular Bicontinuous

Hexagonal

Inverted CubicCubic

Cylindrical Micelles

マイクロエマルションの構造



AOT + D2O + n-decane

AOT molecule

oil

water

spontaneous curvature > 0

water-in-oil droplet

1-phase

2-phase

lamellar

φ

φ

1-phase (w/o droplet)

2-phase

lamellar

dropletの相分離に伴う臨界現象を調べる
H. Seto, et al.  J. Chem. Phys., 1993



dropletの形状因子
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with the Flory-Huggins parameter, X(ifJ,T) =aIOkBT. 
For a system with a lower critical solution temperature 
(LCST), this parameter should be written as 

(9) 

where Xh(ifJ) is an enthalpic part and Xa(ifJ) is an entropic 
part. From the general thermodynamic relationship be-
tween the forward scattering and the Gibbs' free energy, 
we have 

a2j 
S(O)-I= acfo2=2(rs-r), 

with 

I 
rsCifJ) 2ifJ(1-tpb,)2' 

rh(cp) 
nifJ,T)= - T--=ra(ifJ), 

(10) 

(11) 

(12) 

where r hand r a are called the generalized Flory-Huggins 
parameters. Note that we have put dOldifJ=O because the 
radius of a droplet is supposed to be independent of ifJ. For 
a system with LCST, both the parameters r hand r a must 
be negative. From these equations, the temperature depen-
dence of S(O) yields 

-I (1 1 ) S(O) =2rh Ts-T ' 

where the spinodal temperature Ts is given by 

Ts=rhl(ra+rs)· 

( 13) 

(14) 

Therefore, spinodal points Ts and the generalized Flory-
Huggins parameters r hand r a can be determined experi-
mentally if the system follows the mean-field behavior. 

When a composition of a system is off-critical, a phase 
separation occurs at a binodal point before reaching a di-
vergent spinodal point. At the binodal point, the forward 
scattering begins to decrease, because the coexisting com-
positions at the same temperature must be more apart from 
their divergent spinodal points than that before the decom-
position. Thus one will see a "kink" at a binodal point in a 
plot Sol vs T-:-I.9 This is an unambiguous way to define a 
binodal point experimentally. 

III. EXPERIMENT 

All the samples were prepared at the same water-to-
AOT ratio as the 3/5/95 composition microemulsion, 
which means 3 g of AOT is dissolved in 5 ml of water and 
95 ml of n-decane.2 The surfactant and water mixture vol-
ume fraction against the n-decane, ifJ, is the order param-
eter, because it is directly proportional to the droplet den-
sity in the whole system (see Fig. 1). The 99% AOT 
purchased from Aldrich Chemical Company was used for 
our examination without further purification, because im-
purities only influence the absolute value of the transition 
temperature.6 The samples were prepared within 5 days 
after opening a seal of the bottle to avoid a chemical 

AOT 

Decane 

FIG. 1. Ternary phase diagram at room temperature. Compositions are 
indicated by volume percent. The dashed arrow denotes the constant 
AOT and water molar ratio, which is thought to be the order param-
eter ¢ in this study. Open squares are the compositions used in our 
experiment. 

change of surfactant molecules. The 99.8% heavy water 
supplied by Merck and the 99% n-decane by Aldrich 
Chemical Company were used without any treatments. All 
the experiments. were performed within one day after the 
sample preparation to avoid the hydrolysis of AOT. They 
were contained in a niobium cell with 1 mm thick quartz 
window, and placed in an electric furnace controlled 
within 0.1 K by a computer. 

SANS measurements were carried out with the SANS 
spectrometer in RISQ) National Laboratory. The 15 and 4 
A incident neutron beams, taken from the cold neutron 
source and monochromized by the mechanical velocity se-
lector, .were used for the low-Q region (2.3 X 1O- 3.;;;Q.;;; 1.7 
X 10-2 A-I) and the high-Q region (1.7XIO-2.;;;Q.;;;6.6 
X 10-2 A -I), respectively. The wavelength resolution was 
-18%. The multiwire two-dimensional position sensitive 
proportional counter placed at 6 m from the sample posi-
tion was used. The raw data were radially integrated and 
calibrated into differential cross sections vs wave number 

....... 
t'? 

·ct 10000 ...... 

10 exp(·RG
2Q2f 3) 

10 = (5.30 ± 0.02) x 10
4 A3 

RG=53.4±0.1 A 

cj> = 0.1031 
T=295.7K 

FIG. 2. The scattering profile for ¢=O.J031 at T=295.72 K in the 
Guinier plot is presented. The straight line indicates the fitted Guinier 
approximation. 

J. Chern. Phys., Vol. 99, No.7, 1 October 1993 

Downloaded 19 May 2011 to 130.87.135.162. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

Seta et al.: Neutron scattering study of density fluctuations 5515 

60 
II 
II 
II 

55 ...... II 

...... 
II 
II :;; II 

50 II IX: ...... 
...... 11 

II 
45 II 

II Ts 
II 
I 

4g90 295 300 305 310 315 
T [K] 

FIG. 3. Temperature variations of the observed Guinier radius for 
",=0.1031 is given. The open circles are the observed points, and the solid 
and dashed line is the fitted straight line. Error bars are less than the size 
of the plot characters. In order to determine the form factor for all the 
scattering curves, this fitted values were used. 

using the incoherent scattering from a 1 mm thick lupolen 
as a standard sample for the cross section. 

IV. EXPERIMENTAL RESULTS AND ANALYSIS 

Following the results discussed in the Sec. I, the drop-
let shape is assumed to be spherical. The droplet size was 
derived from the observed scattering curve assuming the 
Guinier approximation of Eq. (4). Figure 2 shows the 
Guinier plot for ifJ=0.1031 at the temperature far from the 
phase separation point. In this plot we find a wide straight 
line region corresponding to the Guinier formula. From 
the slope of the fitted straight line, a radius of gyration RG 
was derived to be 53.4 A. Assuming a spherical shape, the 
radius is calculated to be 68.9 A. The radius was also cal-

'" T=306.4K 
• T= 302.2K 
o T= 295.7K 

FIG. 4. Temperature change of the observed scattering profiles for 
4>=0.1031 in double logarithmic plot are presented. The straight line 
indicates the Q-4 line suitable for the observed profiles of high-Q region. 

0.7 

0.6 

0.5 
,... 
O· en 0.3 

0.2 o l>T 7.7K 
• l>T 4.2K 
6 AT 2.4K 

0.1 • AT O.SK 

0.0 0 10 20 30 40 50 60 

Q2[x1 0-6 A-2] 

FIG. 5. The scattering profile in Zimm representation at different tem-
peratures; horizontal axis denotes the square of wave number Q and the 
vertical axis the inverse of structure factor S(Q), for .p=O.1031 compo-
sition. The open circles are the data taken at I::.T=7.69 K, difference from 
the spinodal point T" the full rhombus at I::.T=4.1S K, the open triangles 
at I::.T=2.44 K, and the full squares at I::.T=O.Sl K. Straight lines indi-
cate the fitted Omstein-Zemike formula. 

culated from an intercept on the ordinate of the straight 
line, F (0), with Eq. (4), resulting that the droplet radius is 
75.3 A, which coincides with the value from RG with the 
accuracy of -10%. From these evidences, droplets can be 
supposed to be rather monodisperse. As concerns the tem-
perature dependence of a droplet radius, we found that the 
droplet radius tends to decrease with increasing tempera-
ture. In Fig. 3, the Guinier radius for ifJ=0.1031 is denoted 
and one can see the Guinier radius depends linearly upon 
temperature with a rate of -0.33 A/K. We assumed the 
same rate fQr all the composition for the form factor cal-
culation. 

Figure 4 shows the temperature variations of the pro-
files for ifJ=0.1031. At the high-Q region (Q>4X 10-2 

A -I_l/R), all the scattering curves followed the Q-4 
law, and the Porod constants were almost the same for all 
the temperatures. 

In Fig. 5, typical temperature variations of the struc-
ture factor for ifJ=0.1031 are given in the Zimm plot. If 
S(Q) follows Eq. (6), the scattering profile must be a 
straight line with a slope So 1 S2 and an intercept on the 
ordinate at So 1. In other compositions, ifJ =0.0744, 0.0950, 
and 0.1278, similar behaviors have been observed. These 
experimental evidences have shown that the structure fac-
tor near the critical point follows the Ornstein-Zernike 
formula in the Q-region below _8XlO-3 A -I. From the 
fitted straight line for each S (Q) -I against (f the temper-
ature dependence of the forward scattering So and the cor-
relation length S were obtained as are presented in Fig. 6. 
The inverse forward scattering is experimentally found to 
be proportional to the inverse absolute temperature below 
T- 1=3.3X 10-3 K- 1 within 10 K from the transition 
point. This means that the spinodal point can be obtained 
from the intercept of these fitted straight lines on the ab-
scissa, and that the critical exponent r for the susceptibility 
X is -1.0, which is the mean-field value. 

J. Chern. Phys., Vol. 99, No.7, 1 October 1993 
Downloaded 19 May 2011 to 130.87.135.162. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

Seto et al.: Neutron scattering study of density fluctuations 5513 

II. THEORY 

A. Scattering functions 

In SANS measurements for the three-component mi-
croemulsion system, neutrons are sensitive to the differ-
ences of scattering amplitudes among D20, hydrocarbon 
chains of decane molecules, and lipophilic tails of surfac-
tants, and a layer of head-groups of surfactants. A total 
scattering intensity is calculated from the formula 

rotal = f (fI(Q)dQ 

= + (1) 

where I(Q) is an observed scattering intensity, iflw is the 
volume fractions of heavy water, ifld is that of hydrocarbon 
chain of decane and tail of surfactant, iflh that of head-
group of surfactant, and liPAB'S are differences of scatter-
ing amplitudes between the component A and B. Because 
the head-group layer is relatively thin as compared with 
the droplet radius, it gives very little differences if Eq. (1) 
is approximated by 

(2) 

Since the total scattering intensity depends only on volume 
fractions of components and is invariant over all tempera-
ture, the observed intensity pbs(Q) can be normalized by rotal in order to avoid artifacts in experiments. It is known 
that the normalized intensity I(Q) is a product of two 
parts, a form factor of a droplet F ( Q) (A 3) and a structure 
factor SeQ) [no dimension] as . 

I(Q) (3) 

Kotlarchyk et al. 3,7 have explained the scattering pro-
files of this system (3X 1O-3<;Q<;3.5X 10-2 A-I) by com-
puting the form factor assuming a Schultz size distribution 
and by computing the structure factor adopting a mean 
spherical approximation model with a hard core plus at-
tractive Yukawa tail as the potential between droplets. 
They concluded that the droplet size changes very little 
with varying temperature or composition and that the 
structure factor could be approximated by the Ornstein-
Zernike formula in very low-Q region. 

In the region where the critical scattering appears sig-
nificantly (Q < 11 R, where R is a droplet radius), the effect 
of the polydispersity on the form factor can be neglected 
because the form factors for various droplet sizes has a 
value of almost unity in this Q-region. On the other hand, 
Ricka et al. 16 recently revealed that the polydispersity of 
this system is very low and that the system can be thought 
rather monodisperse. Thus a simple Guinier approxima-
tion is applied as the form factor for all series of the data 

Ig exp( -RUf/3) 
F(Q) = J . 

iflwlip2D, exp( 
21f2iflw(1-iflw)lip2 

n exp( -R7d-/3) 
21?(1-iflw) (4) 

where Ig is the forward scattering defined by the Guinier 
approximation, RG the radius of gyration, and D, the vol-
ume of each droplet. . 

For large Q region (Q> 1IR), the Porod theory is 
applied and the form factor is approximated as 

F(Q)=p'Q-4 

with 

3 p' 
J(frOS(Q)dQ 1T(1-iflw)R' (5) 

where P' is the normalized Porod constant, S is the area of 
a droplet surface, and the shape of a droplet is assumed to . 
be spherical. Because the droplet-droplet correlation, 
which is related to the density fluctuation, becomes so sig-
nificant that one can neglect another kind of correlation at 
the near-critical region, a simple Ornstein-Zernike form is 
applied as a structure factor, 

(6) 

B. The van der Waals theory 

Because charged ions leave head-groups into water 
pool, a density fluctuation of ions is supposed to occur 
inside droplets for the ionic three-component microemul-
sion system. Therefore the assumption of the van der 
Waals interaction between droplets is relevantY Since the 
approximation used in the van der Waals model is known 
to be equal to the mean-field approximation, it can be ap-
plied to explain the mean-field critical behavior. The 
Gibbs' free energy for the van der Waals gas is known asl8 

(7) 

with t/J( T), the free energy per particle of ideal gas, N, the 
number of particles, b, the effective volume of each parti-
cle, and a, an integrated potential energy of van der Waals 
force. By normalizing it in dimensionless form, one gets 

F 
f (V/D,)kBT 

= -ifl [In {n( } +c( T) ]-ifl2X(ifl,T), (8) 

using variables ifl, a volume fraction of surfactant and wa" 
ter which is the order parameter in this system, n=iflV/N, 
a volume assigned to each particle, and b' =b/D" effective 
volume factor of each particle, where c( T) includes the 
ifl-independent terms. The first term describes the entropy 
of mixing, and the third the excess enthalpy of mixing term 
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In SANS measurements for the three-component mi-
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chains of decane molecules, and lipophilic tails of surfac-
tants, and a layer of head-groups of surfactants. A total 
scattering intensity is calculated from the formula 

rotal = f (fI(Q)dQ 

= + (1) 

where I(Q) is an observed scattering intensity, iflw is the 
volume fractions of heavy water, ifld is that of hydrocarbon 
chain of decane and tail of surfactant, iflh that of head-
group of surfactant, and liPAB'S are differences of scatter-
ing amplitudes between the component A and B. Because 
the head-group layer is relatively thin as compared with 
the droplet radius, it gives very little differences if Eq. (1) 
is approximated by 
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Since the total scattering intensity depends only on volume 
fractions of components and is invariant over all tempera-
ture, the observed intensity pbs(Q) can be normalized by rotal in order to avoid artifacts in experiments. It is known 
that the normalized intensity I(Q) is a product of two 
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Kotlarchyk et al. 3,7 have explained the scattering pro-
files of this system (3X 1O-3<;Q<;3.5X 10-2 A-I) by com-
puting the form factor assuming a Schultz size distribution 
and by computing the structure factor adopting a mean 
spherical approximation model with a hard core plus at-
tractive Yukawa tail as the potential between droplets. 
They concluded that the droplet size changes very little 
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this system is very low and that the system can be thought 
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which is related to the density fluctuation, becomes so sig-
nificant that one can neglect another kind of correlation at 
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FIG. 3. Temperature variations of the observed Guinier radius for 
",=0.1031 is given. The open circles are the observed points, and the solid 
and dashed line is the fitted straight line. Error bars are less than the size 
of the plot characters. In order to determine the form factor for all the 
scattering curves, this fitted values were used. 

using the incoherent scattering from a 1 mm thick lupolen 
as a standard sample for the cross section. 

IV. EXPERIMENTAL RESULTS AND ANALYSIS 

Following the results discussed in the Sec. I, the drop-
let shape is assumed to be spherical. The droplet size was 
derived from the observed scattering curve assuming the 
Guinier approximation of Eq. (4). Figure 2 shows the 
Guinier plot for ifJ=0.1031 at the temperature far from the 
phase separation point. In this plot we find a wide straight 
line region corresponding to the Guinier formula. From 
the slope of the fitted straight line, a radius of gyration RG 
was derived to be 53.4 A. Assuming a spherical shape, the 
radius is calculated to be 68.9 A. The radius was also cal-
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FIG. 4. Temperature change of the observed scattering profiles for 
4>=0.1031 in double logarithmic plot are presented. The straight line 
indicates the Q-4 line suitable for the observed profiles of high-Q region. 
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FIG. 5. The scattering profile in Zimm representation at different tem-
peratures; horizontal axis denotes the square of wave number Q and the 
vertical axis the inverse of structure factor S(Q), for .p=O.1031 compo-
sition. The open circles are the data taken at I::.T=7.69 K, difference from 
the spinodal point T" the full rhombus at I::.T=4.1S K, the open triangles 
at I::.T=2.44 K, and the full squares at I::.T=O.Sl K. Straight lines indi-
cate the fitted Omstein-Zemike formula. 

culated from an intercept on the ordinate of the straight 
line, F (0), with Eq. (4), resulting that the droplet radius is 
75.3 A, which coincides with the value from RG with the 
accuracy of -10%. From these evidences, droplets can be 
supposed to be rather monodisperse. As concerns the tem-
perature dependence of a droplet radius, we found that the 
droplet radius tends to decrease with increasing tempera-
ture. In Fig. 3, the Guinier radius for ifJ=0.1031 is denoted 
and one can see the Guinier radius depends linearly upon 
temperature with a rate of -0.33 A/K. We assumed the 
same rate fQr all the composition for the form factor cal-
culation. 

Figure 4 shows the temperature variations of the pro-
files for ifJ=0.1031. At the high-Q region (Q>4X 10-2 

A -I_l/R), all the scattering curves followed the Q-4 
law, and the Porod constants were almost the same for all 
the temperatures. 

In Fig. 5, typical temperature variations of the struc-
ture factor for ifJ=0.1031 are given in the Zimm plot. If 
S(Q) follows Eq. (6), the scattering profile must be a 
straight line with a slope So 1 S2 and an intercept on the 
ordinate at So 1. In other compositions, ifJ =0.0744, 0.0950, 
and 0.1278, similar behaviors have been observed. These 
experimental evidences have shown that the structure fac-
tor near the critical point follows the Ornstein-Zernike 
formula in the Q-region below _8XlO-3 A -I. From the 
fitted straight line for each S (Q) -I against (f the temper-
ature dependence of the forward scattering So and the cor-
relation length S were obtained as are presented in Fig. 6. 
The inverse forward scattering is experimentally found to 
be proportional to the inverse absolute temperature below 
T- 1=3.3X 10-3 K- 1 within 10 K from the transition 
point. This means that the spinodal point can be obtained 
from the intercept of these fitted straight lines on the ab-
scissa, and that the critical exponent r for the susceptibility 
X is -1.0, which is the mean-field value. 
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chain of decane and tail of surfactant, iflh that of head-
group of surfactant, and liPAB'S are differences of scatter-
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the head-group layer is relatively thin as compared with 
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Since the total scattering intensity depends only on volume 
fractions of components and is invariant over all tempera-
ture, the observed intensity pbs(Q) can be normalized by rotal in order to avoid artifacts in experiments. It is known 
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spherical approximation model with a hard core plus at-
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structure factor could be approximated by the Ornstein-
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value of almost unity in this Q-region. On the other hand, 
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this system is very low and that the system can be thought 
rather monodisperse. Thus a simple Guinier approxima-
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where P' is the normalized Porod constant, S is the area of 
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be spherical. Because the droplet-droplet correlation, 
which is related to the density fluctuation, becomes so sig-
nificant that one can neglect another kind of correlation at 
the near-critical region, a simple Ornstein-Zernike form is 
applied as a structure factor, 
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B. The van der Waals theory 

Because charged ions leave head-groups into water 
pool, a density fluctuation of ions is supposed to occur 
inside droplets for the ionic three-component microemul-
sion system. Therefore the assumption of the van der 
Waals interaction between droplets is relevantY Since the 
approximation used in the van der Waals model is known 
to be equal to the mean-field approximation, it can be ap-
plied to explain the mean-field critical behavior. The 
Gibbs' free energy for the van der Waals gas is known asl8 
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with t/J( T), the free energy per particle of ideal gas, N, the 
number of particles, b, the effective volume of each parti-
cle, and a, an integrated potential energy of van der Waals 
force. By normalizing it in dimensionless form, one gets 

F 
f (V/D,)kBT 
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using variables ifl, a volume fraction of surfactant and wa" 
ter which is the order parameter in this system, n=iflV/N, 
a volume assigned to each particle, and b' =b/D" effective 
volume factor of each particle, where c( T) includes the 
ifl-independent terms. The first term describes the entropy 
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law, and the Porod constants were almost the same for all 
the temperatures. 
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ture factor for ifJ=0.1031 are given in the Zimm plot. If 
S(Q) follows Eq. (6), the scattering profile must be a 
straight line with a slope So 1 S2 and an intercept on the 
ordinate at So 1. In other compositions, ifJ =0.0744, 0.0950, 
and 0.1278, similar behaviors have been observed. These 
experimental evidences have shown that the structure fac-
tor near the critical point follows the Ornstein-Zernike 
formula in the Q-region below _8XlO-3 A -I. From the 
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ature dependence of the forward scattering So and the cor-
relation length S were obtained as are presented in Fig. 6. 
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be proportional to the inverse absolute temperature below 
T- 1=3.3X 10-3 K- 1 within 10 K from the transition 
point. This means that the spinodal point can be obtained 
from the intercept of these fitted straight lines on the ab-
scissa, and that the critical exponent r for the susceptibility 
X is -1.0, which is the mean-field value. 
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(left-side figure) and the inverse square of correlation length (right-side figure). The solid lines for the left-side figures show the fitted lines to the data 
points below decomposition, and the dashed lines are the fitted lines ahove decomposition. From the intercept of abscissa of the solid lines, spinodal points 
Ts were determined. The binodal points were determined from the "kink," i.e., the cross points of the two fitted lines. 

Since the reduced temperature can be defined as ¤= I T 
- Ts I IT with the spinodal point Ts also in near-critical 
region, the double logarithmic plot of the susceptibility X 
and the correlation length S vs the normalized temperature 

¤ is possible. In Fig. 7, such the plot for cp = 0.1 031 is given. 
For the critical exponent of susceptibility, mean-field value 
(y= 1.0) was verified (see Table I). But the critical expo-
nent v does not follow a straight line if the whole temper-
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液体の相分離の臨界普遍性

3d-Ising(γ=1.24, ν=1.63)になるべき



臨界現象を詳細に調べる

quasi-one-component system whose critical phenomena
could be described as the 3D Ising characteristics. However,
the obtained critical exponents were not always in agreement
with the exact 3D Ising values. On the other hand, in a re-
cently published SANS study of this fluid @21# we saw that
the density fluctuations of the droplets are sufficiently well
described within the mean field approximation. This result
can be understood spontaneously because the mean field
theory is an extreme case, which is applicable when the tem-
perature is far from the critical point and the correlation
length of the droplet density fluctuation is smaller than the
range of an interaction between droplets.

II. THEORY

Within the range of mean field and 3D Ising behavior, the
temperature dependence of the susceptibility S0 and of the
correlation length j follow a scaling law according to

S05Ct2g, j5j0t
2n, ~1!

where C is a critical amplitude with C5C1 in the 3D Ising
range and C5CMF in the mean field range, and
t5uT212T c

21u/T c
21 is the reduced temperature. Far from

the critical point, a mean field temperature dependence of the
susceptibility with g51.0 is expected. On the other hand, in
the nearest neighborhood of Tc the susceptibility should be
described by the scaling law of the 3D Ising model because
of j!` at Tc . The transition between 3D Ising and mean
field behavior is estimated by the Ginzburg criterion which
gives for low molecular weight liquid systems a value of
t'0.01 @17#. This value of t is defined as the Ginzburg num-
ber Gi.
As we mentioned above, Anisimov et al. @17# and Belya-

kov and Kiselev @18# proposed a new expression for the sus-
ceptibility describing the fluctuations of the order parameter
over the whole one-phase regime including the asymptotic
scaling laws of Eq. ~1!. Therefore the hitherto applied scaling
theories are included in the crossover function. This function
is based upon the renormalization group theory and an e
expansion with the 3D Ising and mean field behavior as as-
ymptotic laws near and far from the critical temperature,
respectively. They presented the following relationship be-
tween the renormalized susceptibility Ŝ05S0a0Gi and the
renormalized temperature t̂5t/Gi, where a0 is the coeffi-
cient of the second order term of the Landau free energy
expansion of the system in terms of order parameter f and is
identical to the inverse of the critical amplitude CMF :

t̂5~112.333Ŝ0
D/g!~g21 !/D@ Ŝ0

211~112.333Ŝ0
D/g!2g/D# .

~2!

The critical exponents included are g51.24 and D50.51 of
the 3D Ising model. For the classical limit with t@Gi, this
equation reads @17,18#

Ŝ0
215~ t̂21 !@121.098~ t̂21 !20.411# , ~3!

which is the correction to scaling form of Eq. ~1!. For t!Gi
one obtains from Eq. ~2! the scaling form of Eq. ~1! with
C151.902Gi0.24CMF @17#. The Ginzburg number is then
given by

Gi50.068~C1 /CMF!4.17, ~4!

in terms of the ratio of the critical amplitudes of S0 of 3D
Ising and mean field range @19#.

III. EXPERIMENT

SANS experiments were carried out at the SANS-U dif-
fractometer in the JRR-3M reactor of Japan Atomic Energy
Research Institute ~JAERI!. The experimental conditions
were as follows. The incident neutron beam wavelength was
l57 Å with a resolution of Dl/l510%. The covered q
range was 331023<q<831022 Å21 where q is the scatter-
ing vector. Each sample was kept in a 1 mm thick niobium
cell with a quartz window, placed in an electronic furnace
controlled within 60.003 K. All the samples were prepared
with the same water to surfactant ratio of 5 ml of water to 3
g of AOT. This is the same ratio that was used in the previ-
ous experiments @10–13,21–23#. The volume fraction f of
both water and surfactant against the whole volume is de-
fined as the order parameter. This value is proportional to the
droplet number density. Amounts of 99% AOT ~supplied by
Fluka and Aldrich!, 99% n-decane ~by Katayama Chemical!,
and 99.9% D2O ~by Isotec Inc.! were mixed without any
further treatment and used within three days after opening
the seal of the bottles. In this experiment, samples with
f50.096, 0.098, and 0.099 were prepared because these
compositions are rather close to the spinodal @21,22#. How-
ever, as we have already pointed out @22# the critical com-
position could never be achieved; i.e., we could not find any
contact between the spinodal and binodal even though we
studied samples at small concentration steps within
0.092<f<0.099. ~See Fig. 1.! The samples were prepared
using the dilution method. Therefore the critical phenomena
will be discussed on the basis that the critical droplet density
fluctuations diverge at the spinodal temperature Ts which
plays the same role as the critical temperature Tc .
The measured two-dimensional data were radially inte-

FIG. 1. Obtained binodal temperatures TB and spinodal tem-
peratures TS for various droplet concentrations f. The concentra-
tion was varied using the dilution method from the batch of f50.2.
The TB’s were defined by the ‘‘kink’’ of the critical scattering
divergence ~see Ref. @15#! and the TS’s were defined by the extrapo-
lation of the critical divergence according to the mean field approxi-
mation. The solid and the dashed lines are the binodal and the
spinodal lines, respectively, which are a guide for the eyes.
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grated and calibrated using the incoherent scattering standard
of Lupolen. The total scattering cross sections

I total5E q2I~q !dq52p2fw~12fw!Dr2 ~5!

were calculated for each sample using the evidence that the
scattering intensities followed the Porod law at high-q region
~q>431022 Å21!. All the scattering intensities were normal-
ized using I total in order to avoid artifacts. The details were
described in our previous paper @21#. In Fig. 2, typical ex-
amples of scattering profiles are shown by a Guinier plot;
i.e., the logarithm of scattering amplitude versus the square
of q . In the one-phase region ~solid circle, inverted open
triangle!, all the profiles could be approximated by the
Guinier formula,

P~q !}exp~2RG
2 q2/3!, ~6!

in the range of 1.031023<q2<2.531023 Å22. From this
approximation, the radius of gyration RG of the droplets was
obtained. In the same plot, one sees in addition the scattering
profiles from the two parts of the decomposed phase: the
upper ~solid square! ~droplet-poor! and the lower ~open
square! ~droplet-rich! part. On the one hand, the scattering
profile from the lower part also shows a straight line region
in the Guinier plot. On the other hand, the scattering profile
from the upper part of the decomposed sample is completely
different so that the Guinier formula could not be applied
any more.
The values of RG of the droplets in the one-phase region

and the lower part of the decomposed sample are plotted in
Fig. 3. RG decreases monotonously with increasing tempera-
ture up to the binodal point TB . Above TB , the system de-
composes completely into two phases with a meniscus in
between, and the radius of gyration decreases more steeply

above TB ~lower part!. This evidence suggests that the drop-
let structure is not constant through the phase decomposition.
So the ‘‘quasi-one-component picture’’ seems to break down
near the critical point. This observation might mean a change
of the hydrophile-lipophile balance with increasing tempera-
ture @24#. The quasi-one-component picture, however, might
be realistic within the one-phase region below TB , since RG
changes only within 0.5 Å/K. Note that the droplet radius is
quite sensitive to the composition fluctuations which occur in
each mixing process, and RG for f50.098 was a little dif-
ferent from others.
The form factor P(q) of the droplets is described by the

Guinier formula. The structure factor S(q) describing the
density fluctuations of the droplets was obtained by dividing
the experimental scattering function I(q)/I total5P(q)S(q)
with the form factor P(q). In Fig. 4, typical examples of the

FIG. 2. Typical examples of the obtained scattering intensity
presented in the Guinier plot. Most of the data could be approxi-
mated by Guinier formula Eq. ~6! in the range
1.031023<q2<2.531023 Å22, however, the profile from the up-
per part of the decomposed sample has no straight line region in this
plot. This result suggests that the structural change of the droplet
structure occurs at the decomposition temperature.

FIG. 3. The temperature dependence of the obtained radius of
gyration for four samples. The horizontal axis indicates the tem-
perature difference from the binodal temperature TB .

FIG. 4. Typical examples of the structure factor in Zimm repre-
sentation. All the structure factor in this q region can be approxi-
mated by the Ornstein-Zernike formula Eq. ~7!.
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obtained structure factor S(q) are shown in the Zimm plot;
the inverse of the structure factor versus the square of the
momentum transfer. In the presented q region
~3.031023<q<7.731023 Å21!, S(q) could be approxi-
mated by the Ornstein-Zernike law,

S~q !5S0 /~11j2q2!. ~7!

All the observed temperature variations of the susceptibil-
ity S0 in the one-phase region, including the data already
published @21#, were fitted with Eq. ~2!. In this case, the
fitting parameters were the spinodal temperature Ts , the Gin-
zburg number Gi, and the critical amplitude CMF . All the
data are shown in Fig. 5 where the inverse of the renormal-
ized susceptibility Ŝ 021 is plotted versus the renormalized
temperature t̂ . The solid line indicates the theoretical curve
according to Eq. ~2! and the dashed line is that of Eq. ~3!.
The resulting parameters are listed in Table I, in which the
generalized Flory-Huggins parameters Gs and Gs are also
listed as calculated by @21#

Gs5
1

2f~12fb8!2
, b854 ~8!

Gs52~a0/21Gs!. ~9!

Note that the values of Gs’s are consistent with our previous
result. ~See Table 1 of Ref. @21#.! It is the main result of the
present paper that the asymptotic crossover theory described
the critical behavior of this microemulsion system success-
fully.
The Ising regime at t,Gi is determined from the defini-

tion of the Ginzburg criterion and the mean field regime is
supposed to be at t.300Gi @19,20#. All the data are found
exclusively in the crossover region, i.e., between the 3D
Ising and mean field regimes. This figure clearly exhibits that
the data are well described by the crossover formula pro-
posed by Kiselev and co-workers @17,18#. The Ginzburg
number Gi being around 1023 is between one and two orders
of magnitude less than that for low molecular weight liquids.

IV. DISCUSSION AND CONCLUSIONS

In Fig. 6 the experimental S 021 of the sample with
f50.1031 is plotted versus t as a typical result. The solid
line is according to the crossover function of Eq. ~2!, while
the dashed curve is the calculated 3D Ising curve, where the
critical amplitude C1 was calculated by Eq. ~4! ~see Table I!.

FIG. 5. The inverses of the renormalized susceptibility Ŝ0
21 for

all the samples are shown as a function of the renormalized tem-
perature t̂ . The solid line represents Eq. ~2!, which completely ex-
plains the temperature dependence of the forward scattering in the
one-phase region, and the dashed line indicates the mean field curve
@Eq. ~3!#.

TABLE I. Results from the crossover function Eq. ~2!.

f T s
21 ~1023 K21! Gi ~units of 1023! CMF ~units of 1022! Gs Gs C1 ~units of 1022!

0.0744 3.19460.006 0.460.9 6.560.8 13.6 221.361.0 1.961.2
0.096 3.23060.001 1.760.5 2.760.1 13.7 232.560.7 1.160.1
0.098 3.26860.001 2.961.9 4.060.4 13.8 226.461.1 1.960.5
0.099 3.22960.001 2.761.6 4.760.4 13.8 224.460.9 2.260.5
0.1031 3.20860.001 0.360.2 5.660.2 14.1 222.960.3 1.560.3
0.1278 3.15960.002 1.761.1 5.560.4 16.4 225.660.7 2.360.5

FIG. 6. A variation of the inverse of the forward scattering
S0

21 for f50.1031. The horizontal axis indicates the reduced tem-
perature; t5T c

212T21/T c
21. The solid line is the crossover equa-

tion @Eq. ~2!# and the dashed line the scaling function @Eq. ~1!#.
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quasi-one-component system whose critical phenomena
could be described as the 3D Ising characteristics. However,
the obtained critical exponents were not always in agreement
with the exact 3D Ising values. On the other hand, in a re-
cently published SANS study of this fluid @21# we saw that
the density fluctuations of the droplets are sufficiently well
described within the mean field approximation. This result
can be understood spontaneously because the mean field
theory is an extreme case, which is applicable when the tem-
perature is far from the critical point and the correlation
length of the droplet density fluctuation is smaller than the
range of an interaction between droplets.

II. THEORY

Within the range of mean field and 3D Ising behavior, the
temperature dependence of the susceptibility S0 and of the
correlation length j follow a scaling law according to

S05Ct2g, j5j0t
2n, ~1!

where C is a critical amplitude with C5C1 in the 3D Ising
range and C5CMF in the mean field range, and
t5uT212T c

21u/T c
21 is the reduced temperature. Far from
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The critical exponents included are g51.24 and D50.51 of
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ous experiments @10–13,21–23#. The volume fraction f of
both water and surfactant against the whole volume is de-
fined as the order parameter. This value is proportional to the
droplet number density. Amounts of 99% AOT ~supplied by
Fluka and Aldrich!, 99% n-decane ~by Katayama Chemical!,
and 99.9% D2O ~by Isotec Inc.! were mixed without any
further treatment and used within three days after opening
the seal of the bottles. In this experiment, samples with
f50.096, 0.098, and 0.099 were prepared because these
compositions are rather close to the spinodal @21,22#. How-
ever, as we have already pointed out @22# the critical com-
position could never be achieved; i.e., we could not find any
contact between the spinodal and binodal even though we
studied samples at small concentration steps within
0.092<f<0.099. ~See Fig. 1.! The samples were prepared
using the dilution method. Therefore the critical phenomena
will be discussed on the basis that the critical droplet density
fluctuations diverge at the spinodal temperature Ts which
plays the same role as the critical temperature Tc .
The measured two-dimensional data were radially inte-

FIG. 1. Obtained binodal temperatures TB and spinodal tem-
peratures TS for various droplet concentrations f. The concentra-
tion was varied using the dilution method from the batch of f50.2.
The TB’s were defined by the ‘‘kink’’ of the critical scattering
divergence ~see Ref. @15#! and the TS’s were defined by the extrapo-
lation of the critical divergence according to the mean field approxi-
mation. The solid and the dashed lines are the binodal and the
spinodal lines, respectively, which are a guide for the eyes.
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形状因子のモデル

Recently, Nagao and his co-workers have shown that the
system composed of AOT and the same volume fraction of
water and n-decane transformed from a dense droplet struc-
ture to a two-phase system with coexistence of lamellar and
bicontinuous phases with increasing pressure.4–9 They ob-
served SANS profiles from the lower part of the sample and
the upper part separately. In the profile from the lower part, a
single broad peak at around Q!0.05 Å!1 which originated
from the interdroplet correlation decreased in intensity
gradually with increasing pressure, and a quasi-Bragg peak
at Q!0.09 Å!1 corresponding to a regular stacking of mem-
branes started to grow at P!400 bar. At the same time, little
change was observed in the scattering profile in the case of
the upper part of the sample; a single broad peak indicative
of the droplet structure remained throughout the pressure
range examined. They indicated that the characteristic fea-
tures of the pressure-induced transition were quite similar to
those of the temperature-induced transition in terms of the
static structure: however, they also suggested that the dy-
namic features were not the same.8,10

In this study, a comprehensive set of SAXS profiles from
the AOT water decane system was collected on the P-T
plane between 1"P"800 bar and 20"T"33 °C in order to
clarify the effects of pressure and temperature on the phase
transition from the water-in-oil droplet to the lamellar struc-
ture. The observed SAXS profiles of the low pressure and
low temperature phase were analyzed within the framework
of a polydisperse droplet and a short-range attractive #adhe-
sive$ force between droplets. The results indicated that the
interdroplet attraction becomes more intense with increasing
pressure, as suggested previously by Eastoe et al.3

II. EXPERIMENT

The AOT used in this experiment was purchased from
Sigma, and purified by extraction with benzene. Deuterated
water of 99% purity obtained from Isotec Inc. was used in
order to allow comparison of the results with those obtained
by SANS. N-decane of 99% purity purchased from Tokyo
Kasei Co. Ltd. was used without any treatment. These three
ingredients were mixed at two volume fractions of AOT
against the whole volume: %s"0.209 and 0.230, with the
same volume fraction of water and n-decane. The molar ratio
of water against AOT was 40.9 for %s"0.209 and 36.2 for
%s"0.230.

The SAXS experiments were performed at the BL-15A
beam port at the Photon Factory, Institute of Materials Struc-
ture Science, High Energy Accelerator Research Organiza-
tion #KEK$. The incident x-ray beam obtained from a bend-
ing magnet was monochromatized to be 1.504 Å and its
energy resolution (&E/E) was about 1%. A one-dimensional
proportional counter provided by RIGAKU was placed 1607
mm from the sample position with a vacuum path in between
in order to collect the scattered beam up to Q #momentum
transfer$ "0.223Å!1. The high-pressure cell used was
made of stainless steel with diamond windows. The details
of this cell were described in our previous paper.9 The expo-
sure time for each measurement was 60 sec, and the ob-
served scattering profiles were normalized by the current of
the ion chamber placed just before the sample cell in order to

compensate for the intensity fluctuation of the beam source.
The scattering from the cell was subtracted from all observed
data taking the x-ray transmission of the sample into ac-
count. The asymmetry of the scattering was checked using
an imaging plate as a detector, and all of the observed scat-
tering profiles including those of the high-pressure phase
were found to be concentric circles, unlike the case of
SANS.6,7 Therefore, one-dimensional data were satisfactory
to understand the structural features of this system.

III. RESULTS AND DISCUSSION

Figure 1 shows the changes in the SAXS profiles with
increasing pressure for #a$ %s"0.230 at T"24 °C and #b$
%s"0.230 at T"33 °C as a typical example. A single broad
peak at Q'0.05 Å!1 was observed at the ambient pressure.
With increasing pressure, the position of the peak shifted to
lower-Q gradually, and the peak assimilated to the diffuse
scattering centered at Q"0. Above Ps"238 bar for T
"24 °C and Ps"82 bar for T"33 °C, a sharp peak appeared
at Q'0.08 Å!1, and it grew larger up to P f"726 bar for
T"24 °C and P f"567 bar for T"33 °C shifting toward
higher-Q. Above P f , little change in the scattering profile
was observed. This tendency was almost the same for all of
the samples and at all temperatures #excluding the values of
Ps and P f), and the behavior was consistent with the results
observed by SANS in the case of the lower part of the
sample. This is not unexpected, because the x-ray window of
the high-pressure cell for SAXS is placed at the lower part of
the sample, and one can hardly see the upper part. #See Fig.
1 in Ref. 9.$

The structure of the low-pressure phase is known to be a
polydisperse water-in-oil droplet, and it is dominated by a
short-range attractive force originating from the hydrophobic
interaction between the surfactant tails.11 Therefore, it is rea-
sonable to use a scattering function of a polydisperse spheri-
cal droplet with Schultz size distribution as a form factor
P(Q), and a model for a hard sphere with an adhesive sur-
face as a structure factor S(Q). For a polydisperse droplet
with a mean radius R0 and a width parameter Z of the
Schultz distribution, Kotlarchyk and Chen gave the form fac-
tor explicitly as,12

P#Q $(R0
6#Z#1 $6)Z#7G1#Q $, #1$

G1#Q $")!#Z#1 $!#4#)2$!#Z#1 $/2 cos! #Z#1 $tan!1 2
) "

##Z#2 $#Z#1 $# )!#Z#3 $##4#)2$!#Z#3 $/2

$cos! #Z#3 $tan!1 2
)" $ !2#Z#1 $#4#)2$!#Z#2 $/2

$sin! #Z#2 $tan!1 2
) " , #2$

)"#Z#1 $/QR0 . #3$
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M. Kotlarchyk and S. -H. Chen, J. Chem. Phys. 79, 2461 (1983).



構造因子のモデル
S(Q) for particles in the form of a hard sphere with an adhesive surface.

Liu, Chen and Huang introduced a structure factor S(Q) for
particles in the form of a hard sphere with an adhesive
surface.13 In their model, the pairwise interparticle interac-
tion potential V(r) is written as

V!r "
kBT

!! "# for 0#r#R!

$ for R!#r#R
0 for R#r

, !4"

where kB is the Boltzmann’s constant, T the absolute tem-
perature, and $ the attractive potential. The R means the
effective radius of a droplet, which should be the distance
between the center of droplet and the corona of the hydro-
phobic tail of the AOT molecule, and the fractional surface
thickness %&(R$R!)/R is defined. They included the vol-
ume fraction of the droplet ', and obtained an analytical

form of the structure factor S(Q) as shown in Eq. !14" in
Ref. 13 !which is too complicated to write down here".

Kotlarchyk and Chen12 claimed that the scattering cross
section should not be a simple product of P(Q) and S(Q) in
cases where the droplet size distribution exists or where ori-
entational averaging is necessary, and they introduced the
form

d(

d$
!Q ")P!Q "S!!Q ", !5"

defining the terms

S!!Q "!1"*!Q "+S!Q "$1, , !6"

*!Q "!"-F!Q "."2/-"F!Q ""2., !7"

FIG. 1. Changes in the SAXS profile with increasing pressure for 's!0.230 at !a" 24 and !b" 33 °C. All profiles are shifted three arbitrary units for better
visualization.

TABLE I. Fit parameters for 's!0.230, T!33 °C, and P!1 bar.

R!Å" ' $(kBT) % Z R0(Å) c0(%10$6) c2 /0(Å)

*(Q)!1 51.9&40.4 0.28&0.90 $2.98&19.3 0.001 29&0.000 12 26.1&7.3 40.5&2.8 6.78&2.22 404&185 10.6&3.3
*(Q)11 53.7&5.6 0.27&0.12 $3.13&49.1 0.001 13&0.055 77.4&1.8 40.3&0.5 6.66&0.52 361&121 9.7&2.6
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Structure factor for the droplet size distribution exists or orientational averaging is necessary,
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低圧でのSAXSプロファイル

where F(Q) is a Fourier transform of the scattering ampli-
tude distribution of a single particle. At the limit of mono-
dispersion, this modification factor !(Q) could be approxi-
mated to be unity. In our data analysis, the width parameter
Z was found to be large "see Table I#, i.e., the polydispersity
of the system was low, and the values of all of the fit param-
eters were essentially the same as in the case where !(Q)
was fixed to be 1 "described below#. Therefore, we have
considered that the main contribution, which came from the
difference in scattering amplitude between the water and oil
regions, to the SAXS profile I(Q) could be given by the
product of P(Q) and S(Q) assuming !(Q)!1 for simplic-
ity.

The scattering amplitude distribution of a droplet in the
case of x-ray scattering is shown in Fig. 2. Unlike the case of
SANS, the contribution of the thin layers of the head-groups
of the surfactant molecules could not be ignored. In this con-
tribution, not only a layer-layer correlation but also a layer-
water correlation and a layer-oil correlation should be in-
cluded. However, the last two correlations should be very
small compared with the water-oil correlation and the layer-
layer correlation. Thus we introduced only a Lorentzian cen-
tered at Q!0 as a representation of surfactant concentration
fluctuations, which come from membrane thickness fluctua-
tions and/or crumpling ratio fluctuations.14 Therefore, in or-
der to explain the SAXS profile of the dense droplet structure
at ambient pressure and temperature, the following formula
was used:

I"Q #!c0P"Q #S"Q #"c2
$%

#2

Q2"$%
#2 , "8#

where $% is the correlation length of the surfactant concen-
tration fluctuations. In this function, the fit parameters are as
follows: R the radius of the outer surfactant tails of the drop-
let, & the droplet volume fraction, ' the attractive potential,
( the fractional surface thickness, Z the width parameter of
the Schultz size distribution, R0 the radius of the water core
of the droplet, c0 and c2 the coefficients for the water-oil
correlation and the layer-layer correlation, respectively, and
$% . The droplet volume fraction & should be conserved in
the whole system with increasing pressure: however, its con-
tribution to the observed scattering profile, which came from
only the lower part of the sample, could be changed because
the system becomes heterogeneous in association with the
phase transition. As typical results, the SAXS spectrum in

FIG. 2. Scattering amplitude % for a water-in-oil droplet as a function of r,
the distance from the center of the droplet.

FIG. 3. Observed SAXS profile "open circles# and results of fitting for &s
!0.230 at T!33 °C and at "a# P!1, "b# P!200, and "c# P!800 bar. The
solid lines are the curves obtained through fitting to the function described
in text. The dashed line in "a# is the result obtained when the modification
factor !(Q) was not fixed. The inset figure in "a# indicates the structure
factors when !(Q) was fixed to be unity "solid line#, and not fixed "dashed
line#.
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where F(Q) is a Fourier transform of the scattering ampli-
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mated to be unity. In our data analysis, the width parameter
Z was found to be large "see Table I#, i.e., the polydispersity
of the system was low, and the values of all of the fit param-
eters were essentially the same as in the case where !(Q)
was fixed to be 1 "described below#. Therefore, we have
considered that the main contribution, which came from the
difference in scattering amplitude between the water and oil
regions, to the SAXS profile I(Q) could be given by the
product of P(Q) and S(Q) assuming !(Q)!1 for simplic-
ity.

The scattering amplitude distribution of a droplet in the
case of x-ray scattering is shown in Fig. 2. Unlike the case of
SANS, the contribution of the thin layers of the head-groups
of the surfactant molecules could not be ignored. In this con-
tribution, not only a layer-layer correlation but also a layer-
water correlation and a layer-oil correlation should be in-
cluded. However, the last two correlations should be very
small compared with the water-oil correlation and the layer-
layer correlation. Thus we introduced only a Lorentzian cen-
tered at Q!0 as a representation of surfactant concentration
fluctuations, which come from membrane thickness fluctua-
tions and/or crumpling ratio fluctuations.14 Therefore, in or-
der to explain the SAXS profile of the dense droplet structure
at ambient pressure and temperature, the following formula
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solid lines are the curves obtained through fitting to the function described
in text. The dashed line in "a# is the result obtained when the modification
factor !(Q) was not fixed. The inset figure in "a# indicates the structure
factors when !(Q) was fixed to be unity "solid line#, and not fixed "dashed
line#.
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I!Q "!c1
#"2

!Q"
2$

dL
" 2##"2

#c2
#%

"2

Q2##%
"2 , !9"

where dL and # indicate the mean repeat distance of the
lamellar membranes and its correlation length !the position
correlation of membranes", respectively. In our data, the sec-
ond order Bragg reflection was observed at Q!4$/dL , and
a term,

c1!
#!"2

!Q"
4$

dL
" 2##!"2

,

was necessary, where c1! is the coefficient of this term, and
#! is the correlation length of membranes defined from the
second order reflection. However, the contribution of this
term was relatively small and the fit results for c1! and #!
scattered randomly, the ratios c1!/c1 and #!/# were fixed to
be 0.146 and 0.5, respectively. Because the second terms in
Eqs. !8" and !9" are the same, the equation

I!Q "!c0P!Q "S!Q "#c1
#"2

!Q"
2$

dL
" 2##"2

#c2
#%

"2

Q2##%
"2 !10"

could be used for the transient state between Ps and P f! ,
where the low-pressure dense droplet structure and the
lamellar structure coexist. In this function, nine parameters
remained as variables and unique and relevant results were
obtained for fitting to double peak profiles &for example, the
profiles between 300 bar and 600 bar in Fig. 1!a"'. On the
other hand, it was not easy to fit the function !10" to single
peak profiles just below P f &for example, the profile at 700
bar in Fig. 1!a"' because the first term merged into the third.
Therefore, just below P f , the errors of R, (, ), R0 , c0 , c2 ,
and #% were relatively large. Typical results of fitting are
shown in Figs. 3!b" ((s!0.230, T!33 °C, P!200 bar: the
transient state" and 3!c" ((s!0.230, T!33 °C, P
!800 bar: the lamellar phase".

In Fig. 4, the pressure dependence of 2R and dL for
(s!0.230, T!33 °C is shown as a function of pressure on

FIG. 7. Pressure dependence of the observed fit parameters; !a" adhesive potential ), !b" droplet volume fraction (, !c" correlation length of the lamellar
membrane # and !d" correlation length of the surfactant concentration #% . All data are shown as a function of P"Ps .
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where F(Q) is a Fourier transform of the scattering ampli-
tude distribution of a single particle. At the limit of mono-
dispersion, this modification factor !(Q) could be approxi-
mated to be unity. In our data analysis, the width parameter
Z was found to be large "see Table I#, i.e., the polydispersity
of the system was low, and the values of all of the fit param-
eters were essentially the same as in the case where !(Q)
was fixed to be 1 "described below#. Therefore, we have
considered that the main contribution, which came from the
difference in scattering amplitude between the water and oil
regions, to the SAXS profile I(Q) could be given by the
product of P(Q) and S(Q) assuming !(Q)!1 for simplic-
ity.

The scattering amplitude distribution of a droplet in the
case of x-ray scattering is shown in Fig. 2. Unlike the case of
SANS, the contribution of the thin layers of the head-groups
of the surfactant molecules could not be ignored. In this con-
tribution, not only a layer-layer correlation but also a layer-
water correlation and a layer-oil correlation should be in-
cluded. However, the last two correlations should be very
small compared with the water-oil correlation and the layer-
layer correlation. Thus we introduced only a Lorentzian cen-
tered at Q!0 as a representation of surfactant concentration
fluctuations, which come from membrane thickness fluctua-
tions and/or crumpling ratio fluctuations.14 Therefore, in or-
der to explain the SAXS profile of the dense droplet structure
at ambient pressure and temperature, the following formula
was used:
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where $% is the correlation length of the surfactant concen-
tration fluctuations. In this function, the fit parameters are as
follows: R the radius of the outer surfactant tails of the drop-
let, & the droplet volume fraction, ' the attractive potential,
( the fractional surface thickness, Z the width parameter of
the Schultz size distribution, R0 the radius of the water core
of the droplet, c0 and c2 the coefficients for the water-oil
correlation and the layer-layer correlation, respectively, and
$% . The droplet volume fraction & should be conserved in
the whole system with increasing pressure: however, its con-
tribution to the observed scattering profile, which came from
only the lower part of the sample, could be changed because
the system becomes heterogeneous in association with the
phase transition. As typical results, the SAXS spectrum in

FIG. 2. Scattering amplitude % for a water-in-oil droplet as a function of r,
the distance from the center of the droplet.

FIG. 3. Observed SAXS profile "open circles# and results of fitting for &s
!0.230 at T!33 °C and at "a# P!1, "b# P!200, and "c# P!800 bar. The
solid lines are the curves obtained through fitting to the function described
in text. The dashed line in "a# is the result obtained when the modification
factor !(Q) was not fixed. The inset figure in "a# indicates the structure
factors when !(Q) was fixed to be unity "solid line#, and not fixed "dashed
line#.
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the case where !s!0.230 at T!33 °C and P!1 bar with
the fitting result "solid line# is shown in Fig. 3"a#, together
with the result when $(Q) was not fixed to be unity "dashed
line#. The results show that the fit with $(Q)!1 seems to be
better than the other. The calculated structure factor S(Q) in
the case where $(Q)!1 "solid line# and S!(Q) in the case
where $(Q)%1 "dashed line# are depicted in the inset figure
of Fig. 3"a#, and the values of the fit parameters are given in
Table I. These results in the cases where $(Q)!1 and %1
were essentially the same, and justified the assumption of
$(Q)!1 described above. Because Z and & did not change
markedly with increasing pressure, they were fixed through-
out the following fitting procedure. In this fitting procedure,
seven parameters remained as variables and unique results
were obtained for single-peak profiles below Ps 'for ex-
ample, the profiles below 200 bar in Fig. 1"a#(.

For the high-pressure lamellar structure, a formula given
by Nallet, Roux and Milner was utilized.14 They separated
the scattering into two parts: a quasi-Bragg scattering com-
ing from a regular stacking of the lamellar membranes, and a
diffuse scattering corresponding to the surfactant concentra-
tion fluctuation. Their function could be simply written as

FIG. 4. Typical results showing the pressure dependence of two times the
corona radius R "open circles# and the characteristic repeat distance dL "full
triangles# of the lamellar structure for !s!0.230 at T!33 °C. The transi-
tion start pressure Ps and the finish pressure P f could be defined from this
plot.

FIG. 5. The P-T phase diagram obtained. Both the slope in the case of Ps
and that in the case of P f were almost the same negative value.

FIG. 6. Summary of the pressure dependence of "a# 2R , dL and "b# R0 for
!s!0.230 as a function of P"Ps . It is clear that both R and R0 depended
on the temperature and that the pressure dependence of R and R0 could be
normalized as a function of P"Ps .

TABLE II. Transition pressure.

T"°# PS(bar) P f(bar)

!S!0.209
20 187 569
24 127 509
29 52 434
33 ¯ 358

!S!0.230
20 308 796
24 238 726
29 152 637
33 82 567
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A small-angle x-ray scattering !SAXS" study of dense water-in-oil droplet microemulsions
composed of water, decane, and AOT #sodium bis!2-ethylhexyl" sulfosuccinate$ was performed in
order to clarify phase behavior with applied pressure and the corresponding structural phase
transitions. SAXS spectra were collected for pressures between ambient pressure !0.1 MPa" and 80
MPa and droplet volume fraction, %, from 0.40 to 0.70. With increasing %, the mean radius of
droplets decreased slightly and polydispersity increased. With increasing pressure, the droplet
structure transformed to a two-phase system with coexistence of lamellar and droplet structures,
independent of the droplet volume fraction. These results suggest that, with increasing pressure, the
increasing inter-droplet attractive force controls the pressure variation of the structure. © 2001
American Institute of Physics. #DOI: 10.1063/1.1413987$

I. INTRODUCTION

A surface active agent !abbreviated as ‘‘surfactant’’" can
decrease the surface tension of an interface between water
and oil, because the molecule has both hydrophilic and lipo-
philic components. When mixed with water and oil, some-
times with a help of other additives !co-surfactant and/or
alcohol", it forms a macroscopically uniform mixture called
‘‘emulsion.’’ The characteristic size of the water or oil do-
main in an emulsion is usually several thousands of angstrom
and is optically opaque. However, in some cases where char-
acteristic repeat distances are below 100 angstrom, mixtures
are optically transparent and are called ‘‘microemulsion.’’
Semi-macroscopic !mesoscopic" structures have many varia-
tions, such as droplet, lamellar, bicontinuous. These struc-
tures are dominated by a balance of the hydrophilicity and
lipophilicity of a surfactant, which is called ‘‘hydrophile-
lipophile balance’’ !HLB". The HLB can be changed by
varying external conditions, such as temperature, pressure,
salinity, etc., and this should result in a phase transition.
Therefore, these systems are suitable for investigating self-
organization of semi-macroscopic structures in soft
materials.1

From this viewpoint, considerable work on microemul-
sion systems has been performed over the past several de-
cades. A ternary mixture of water, decane, and AOT #sodium
bis!2-ethylhexyl" sulfosuccinate$ has been especially popular
in such studies because it has a large one-phase region in a
triangular phase diagram !see Fig. 1" at ambient temperature

and pressure without any other additives.2 The structure of
this system is known to be a water-in-oil droplet because of
the shape of the AOT molecule !the effective size of the
hydrophilic headgroup is smaller than that of the lipophilic
tail".3,4 This means that the spontaneous curvature of the
AOT membrane is positive; the surfactant layer tends to
curve toward water. The droplet size is determined by the
ratio of the volume fraction of surfactant defining surface
area to that of water defining the volume of a droplet. There-
fore, the droplet size is believed to be identical when the
ratio of AOT to water is kept constant and only the droplet
volume fraction, %, changes along the arrow shown in Fig. 1.

Sheu et al. investigated the % dependence of the struc-
ture and dynamics of this system by means of small-angle
neutron scattering !SANS", quasi-elastic light scattering
!QELS", and neutron spin echo spectroscopy !NSE". They
suggested that the dense liquidlike structure exists at 0.55
&%&0.75 and the glasslike transition at around %!0.65.5

Kotlarchyk, Sheu, and Capel clarified the phase behavior in
the dense droplet region (0.60&%&0.95) with varying tem-
perature mainly by small-angle x-ray scattering !SAXS".6

They demonstrated that the structure at room temperature for
0.60&%"0.75 is the droplet, the high-temperature phase has
the lamellar structure, and that the coexistence region of the
droplet and lamellar structures covers a wide temperature
range.

Some experimental results demonstrate that the effect of
pressure is equivalent to that of temperature in controlling
the phase separation boundary. However, such behavior was
limited for AOT/n-alkane/water systems for alkane number

a"Author to whom correspondence should be addressed. Electronic mail:
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C greater than 6.7,8 In cases where C!6, the effect of pres-
sure was opposite to that of temperature.7

Recently, Nagao et al. investigated in detail the pressure
effect on the dense droplet AOT/n-decane/D2O of !"0.60,
by means of SANS.9,10 They showed that the system trans-
forms to two-phase coexistence at about 40 MPa, with the
lamellar structure at the lower part of the sample, and the
bicontinuous structure at the upper part. This transition was
broadly similar to that induced by the temperature effect.
However, in detail, they differed in the following ways: "i#
the membrane repeat distance of the lamellar structure of the
high-pressure phase was independent of the surfactant vol-
ume fraction, whereas that of the high-temperature phase
was not; "ii# there was no re-entrant droplet phase at higher
pressure above the pressure range of the
lamellar#bicontinuous phase; and "iii# the membrane dy-
namics of the high-pressure and the high-temperature phases
were different. The authors investigated the effects of pres-
sure and temperature on the phase transition by means of
SAXS. They confirmed the different origins of the pressure-
and temperature-induced transitions; the increase of inter-
droplet attractive force with pressure drives the phase transi-
tion to the lamellar structure.11

In this study, we have extended the range of ! and gath-
ered a comprehensive set of SAXS data at 0.40$!$0.70
and 0.1$P$80MPa. The results verify that the structure of
the samples at 0.4$!$0.65 at ambient pressure was the
droplet which transformed to the lamellar structure. A sample
of !"0.70 was already at the coexistence of lamellar and
droplet at P"0.1MPa. The transition start pressure, Ps , de-
creases with increasing !; however, the transition finish pres-
sure, P f , increases with increasing !. The radius of the wa-
ter core of the droplet for the concentration !$0.55
decreases with increasing pressure, unlike the cases of higher
droplet concentration.

II. EXPERIMENTAL PROCEDURE

The AOT used in this experiment was purchased from
Sigma and purified by extraction with benzene. D2O with a
deuterium atom constant of 99.9% purchased from Isotec,

Inc. and n-decane of 99% purity from Tokyo Kasei Co. Ltd.
were used as received. The molar ratio of D2O against AOT
was fixed at 40.8, and six samples with the droplet volume
fraction !"0.40, 0.50, 0.55, 0.60, 0.65, and 0.70 were pre-
pared.

The SAXS experiments were performed at the BL-15A
beam port at the Photon Factory, High Energy Accelerator
Research Organization "KEK#, Japan. The incident x-ray
beam was monochromatized to 1.504 Å. A one-dimensional
position sensitive proportional counter "RIGAKU# was set
1890 mm from the sample position with a vacuum path in
between. The momentum transfer Q range was from 0.0155
Å$1 to 0.181 Å$1. The high-pressure cell for the SAXS ex-
periments was made of stainless steel with diamond
windows.12 All experiments were performed at room tem-
perature, which was set to 24.3%0.5 °C by the air condition-
ing system of the experimental hall. The exposure time for
each measurement was 60 s, and the observed scattering pro-
files were normalized by the current of an ion chamber
placed in front of the sample cell in order to compensate for
the intensity fluctuation of the synchrotron source. Back-
ground scattering from the cell was subtracted from the pro-
files, taking the x-ray transmission of the sample into ac-
count.

III. RESULTS AND DISCUSSION

A. Droplet volume fraction dependence

The dependence of the droplet volume fraction, !, of the
SAXS spectra at ambient pressure "0.1 MPa# is shown in
Fig. 2. The SAXS profiles of 0.4$!$0.65 are characterized

FIG. 1. Schematic phase diagram of a ternary microemulsion
AOT/D2O/n-decane system at ambient pressure. The molar ratio of
%D2O&/%AOT& was fixed at 40.8 on the !-axis. Open circles represent the
mixtures of the present study.

FIG. 2. The droplet volume fraction, !, variation of the SAXS spectra at
ambient pressure. All profiles are shifted ten arbitrary units for better visu-
alization. The solid lines are the fit curves to the scattering function of the
dense droplet structure.
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by a broad single peak which corresponds to an inter-droplet
correlation. As described in the first section of this paper,
Kotlarchyk, Sheu, and Capel concluded that these profiles
corresponded to the droplet structure.6 Thus we tried to ex-
plain these profiles by a sum of two terms as follows:

I!Q "!cP!Q "S!Q ""c0L0!Q ", !1"

where P(Q) and S(Q) are droplet form factor and inter-
particle structure factor, respectively, and L0(Q) indicates
surfactant density fluctuation. In our previous paper,11 the
scattering function from the polydisperse droplet for P(Q),
the structure factor of a system with hard-sphere and adhe-
sive inter-particle potential for S(Q), and a single Lorentzian
for L0(Q) were used to explain SAXS spectra from the
dense droplet structure, which was the same as the present
sample of #!0.6. The combination of these functions fits
well with the SAXS spectra of 0.40$#$0.65, as shown by
the solid lines in Fig. 2. The fit parameters obtained, R !drop-
let radius", #d !droplet density", % !depth of an attractive
potential", & !fractional surface thickness", Z !a width param-
eter of Schultz size distribution", R0 !radius of a water core",
and '( !correlation length of the density fluctuation of sur-
factant", are presented in Table I. The SAXS spectrum from
the sample of #!0.70 cannot be explained by Eq. !1", be-
cause a small peak at around Q!0.08 Å#1 indicates that it is
coexisting state with droplet and lamellar structures.

As stated in much of the recent literature, the droplet
size is believed to be the same in cases where the molar ratio
of AOT to water is kept constant, because this ratio directly
relates to the ratio of the surface of a droplet to its volume as
described in the first section of this paper. However, our
results demonstrate that the droplet radius, R, which is a
distance from the center of a droplet to the hydrocarbon tails
of surfactant molecules, decreased with increasing droplet
volume fraction, #. The water core radius, R0 also decreased
with increasing #. These results can be explained if one al-
lows deviation of droplets from the spherical shape. When
the droplet density is sufficiently low, the free energy condi-
tion of a droplet mandates a spherical morphology. However,
with increasing droplet volume fraction, droplet–droplet dis-
tance decreases and the effect of the attractive force of the
hydrocarbon tails of surfactant molecules becomes more sig-
nificant; two layers of neighboring droplets will adhere to
each other and the droplets may deform. When droplet vol-
ume is kept constant, the mean radius of deformed droplets is
smaller than that of the sphere. Therefore, the mean value of
droplet size decreases with increasing droplet volume frac-
tion. This is supported by evidence that the width parameter,
Z, decreases with increasing droplet density due to increasing
polydispersity. It is worth noting that the close-packed struc-

ture of spheres occupies about 56% volume fraction. There-
fore, the shapes of droplets at #)0.6 cannot be spheres.

The difference between R and R0 is almost the same for
all values of # and its mean value is about 13 Å, which is
comparable with the length of an AOT molecule.2 From
these results, we can conclude that the surfactant molecules
extend to the surrounding oil medium at all the droplet vol-
ume fractions investigated.

Using the fit parameters obtained, the form factor of a
droplet, P(Q), and the inter-particle structure factor, S(Q),
could be calculated. Figure 3!a" compares the calculated
form factors for #!0.4, 0.5, and 0.6. This result reconfirms
that the shape of droplets depends on the droplet volume
fraction #. In Fig. 3!b", the calculated structure factors for
#!0.4, 0.5, and 0.6 are also shown. The sharp first peak of
S(Q) shifts to higher Q with increasing #. The first peak of
#!0.40 at Q!0.04 Å#1 accounts for the averaged distance
between droplets, d, being about 157 Å, which was 16 Å

TABLE I. Obtained fit parameters at ambient pressure.

R !Å" # %(kBT) * Z R0 !Å" '( !Å"

#!0.40 71.75 0.169 #2.32 0.003 04 31.7 56.81 45.65
#!0.50 62.81 0.189 #2.12 0.001 18 36.6 53.34 18.7
#!0.55 63.88 0.200 #1.75 0.000 80 37.9 50.03 14.4
#!0.60 60.86 0.278 #3.11 0.001 29 26.1 48.95 16.7
#!0.65 60.04 0.291 #3.70 0.000 52 21.6 44.29 11.7

FIG. 3. !a" The calculated form factor P(Q) and !b" the structure factor
S(Q) for #!0.40, 0.50, and 0.60.
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FIG. 3. !a" The calculated form factor P(Q) and !b" the structure factor
S(Q) for #!0.40, 0.50, and 0.60.
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I!Q "!cP!Q "S!Q ""c0L0!Q ", !1"

where P(Q) and S(Q) are droplet form factor and inter-
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sive inter-particle potential for S(Q), and a single Lorentzian
for L0(Q) were used to explain SAXS spectra from the
dense droplet structure, which was the same as the present
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the solid lines in Fig. 2. The fit parameters obtained, R !drop-
let radius", #d !droplet density", % !depth of an attractive
potential", & !fractional surface thickness", Z !a width param-
eter of Schultz size distribution", R0 !radius of a water core",
and '( !correlation length of the density fluctuation of sur-
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described in the first section of this paper. However, our
results demonstrate that the droplet radius, R, which is a
distance from the center of a droplet to the hydrocarbon tails
of surfactant molecules, decreased with increasing droplet
volume fraction, #. The water core radius, R0 also decreased
with increasing #. These results can be explained if one al-
lows deviation of droplets from the spherical shape. When
the droplet density is sufficiently low, the free energy condi-
tion of a droplet mandates a spherical morphology. However,
with increasing droplet volume fraction, droplet–droplet dis-
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#!0.4, 0.5, and 0.6 are also shown. The sharp first peak of
S(Q) shifts to higher Q with increasing #. The first peak of
#!0.40 at Q!0.04 Å#1 accounts for the averaged distance
between droplets, d, being about 157 Å, which was 16 Å
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form factor structure factor

Droplet濃度のφが増えるに従って平均半径が減少し、多分散性が上がる。
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increasing temperature, and a cluster formation of droplets is
considered to explain the experimental results !15". At a
semi-dilute to dense droplet regime #!"0.4$, a phase tran-
sition from droplet to lamellar structure occurred with in-
creasing temperature !16–18". The concentration dependence
of the structures were investigated by some groups using
small-angle x-ray scattering #SAXS$ or SANS !19,20". In
their analyses, assumptions of the form factor and/or the
structure factor were necessary to deduce information about
the systems. This fact means that a model dependence of the
small-angle scattering data analyses could not be avoided.

According to these experimental investigations, the AOT
microemulsion system has been considered to be a rather
simple system. However, unsolved issues are still remaining.
In the phase diagram, a phase separation between one-phase
and two-phase droplets is observed with elevating tempera-
ture in the low concentration region, while a phase transition
from the one-phase droplet to the lamellar structure is ob-
served above !%0.4 !17". This fact suggests that the domi-
nant interaction between droplets for such phase transitions
is different between the lower and the higher concentration
regions.

It is also known that there is a percolation threshold in the
droplet phase. The origin of the percolation is described by
Chen et al. !16". They claimed that a short-range attractive
interaction between droplets originates the formation of the
fractal clusters. Assuming the sticky hard-sphere potential,
they calculated the phase diagram of the system and it ex-
plained the experimental observation well. On the other
hand, Bouaskarne et al. calculated the phase diagram assum-
ing a hard-sphere with attractive Yukawa tail between drop-
lets !21". Their calculated phase diagrams explain the experi-
mental observation well, too. These results show that
different models with different interaction can explain the
phase behavior, that is, the interpretation of the origin of the
interaction between droplets does not reach the consensus on
the phase behavior. In order to shed light on this problem, the
analysis of a model free structure factor is probably the best
way to clarify the nature of the interaction between droplets.

In this paper, we describe the result of a SANS experi-
ment. By applying the relative form factor method, the !
dependence of the intra- and inter-structures are extracted in
the range of 0.05#!#0.75 without assuming the profile of
the structure factor. The ! dependence of the inter-droplet
potential is discussed in detail.

II. RELATIVE FORM FACTOR METHOD

A coherent small-angle scattering intensity is written as
follows:

I#q$ = &n'f#q$'2s#q$( , #1$

where n is the number density of scattering objects, 'f#q$'2
and s#q$ are the form factor and the structure factor, respec-
tively, and &¯( denotes the ensemble average of the thermal
fluctuations of the scatterer. When the thermal fluctuations
due to the form factor and the structure factor are indepen-
dent of each other, Eq. #1$ can be written as follows:

I#q$ = n'&f#q$('2&s#q$( + n!&'f#q$'2( − '&f#q$('2" . #2$

Neglecting the fluctuations due to the form factor, the above
equation can be simply written as

I#q$ = nF#q$S#q$ , #3$

where F#q$= '&f#q$('2 and S#q$= &s#q$(. In principle, this form
is applicable in the monodisperse case.

Considering the SANS contrast variation technique, f#q$
depends on the contrast between a scatterer and a back-
ground, $%, because it is the Fourier transform of the scat-
tering amplitude density difference between them, as fol-
lows:

f#q$ =) $%#r$exp#− iqr$dr . #4$

On the other hand, S#q$ does not depend on the contrast
because it indicates the time-averaged correlation of the cen-
ter of mass of objects, and the properties of molecules and
their assemblies do not depend on the contrast.

By using the SANS technique, it is easy to obtain differ-
ent scattering contrast conditions by selective deuteration of
the ingredients. A mixture of D2O with hydrogenated oil and
surfactant is called bulk contrast. In this case, only the water
core is visible when the water-in-oil droplet microemulsion
is formed. On the other hand, a mixture of deuterated water
and oil with the hydrogenated surfactant is called film con-
trast. In this case, only the surfactant layer is visible to neu-
trons. If one changes only the scattering contrast, keeping
unchanged the sample composition and the external condi-
tions, e.g., temperature, a relative form factor, R#q$, can be
introduced as the ratio of the scattering intensities from the
bulk contrast, Ib#q$, and the film contrast, If#q$, as follows
!4–6":

R#q$ =
Ib#q$
If#q$

=
Fb#q$
Ff#q$

, #5$

i.e., the ratio of the scattering intensities of each contrast is
identical to the ratio of the form factors of each contrast. This
relation is independent of S#q$ and, therefore, one can evalu-
ate F#q$ of the system without the influence of S#q$. We call
this procedure the “relative form factor method.”

In reality, the systems measured by SANS are not always
the monodisperse systems, while the system has the size dis-
tribution, the membrane thickness distribution, or the direc-
tional inhomogeneity, i.e., polydispersity. In the case of poly-
disperse systems, Eq. #2$ can be written in the following
form, as described in Ref. !22":

I#q$ = nF#q$Seff#q$ , #6$

where the effective structure factor Seff#q$ is

Seff#q$ = 1 + &#q$!S#q$ − 1" #7$

and &#q$ is expressed as

&#q$ =
'&f#q$('2

F#q$
. #8$

F#q$ and '&f#q$('2 are defined as
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小角散乱プロファイルは形状因子と構造因子の積で表される。

コントラスト変化によって形状因子は変化するが、構造因子は変化しない
はず。そこで「相対形状因子」R(q) を考える。
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nant interaction between droplets for such phase transitions
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It is also known that there is a percolation threshold in the
droplet phase. The origin of the percolation is described by
Chen et al. !16". They claimed that a short-range attractive
interaction between droplets originates the formation of the
fractal clusters. Assuming the sticky hard-sphere potential,
they calculated the phase diagram of the system and it ex-
plained the experimental observation well. On the other
hand, Bouaskarne et al. calculated the phase diagram assum-
ing a hard-sphere with attractive Yukawa tail between drop-
lets !21". Their calculated phase diagrams explain the experi-
mental observation well, too. These results show that
different models with different interaction can explain the
phase behavior, that is, the interpretation of the origin of the
interaction between droplets does not reach the consensus on
the phase behavior. In order to shed light on this problem, the
analysis of a model free structure factor is probably the best
way to clarify the nature of the interaction between droplets.

In this paper, we describe the result of a SANS experi-
ment. By applying the relative form factor method, the !
dependence of the intra- and inter-structures are extracted in
the range of 0.05#!#0.75 without assuming the profile of
the structure factor. The ! dependence of the inter-droplet
potential is discussed in detail.
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A coherent small-angle scattering intensity is written as
follows:
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and s#q$ are the form factor and the structure factor, respec-
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equation can be simply written as
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where F#q$= '&f#q$('2 and S#q$= &s#q$(. In principle, this form
is applicable in the monodisperse case.
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depends on the contrast between a scatterer and a back-
ground, $%, because it is the Fourier transform of the scat-
tering amplitude density difference between them, as fol-
lows:
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On the other hand, S#q$ does not depend on the contrast
because it indicates the time-averaged correlation of the cen-
ter of mass of objects, and the properties of molecules and
their assemblies do not depend on the contrast.

By using the SANS technique, it is easy to obtain differ-
ent scattering contrast conditions by selective deuteration of
the ingredients. A mixture of D2O with hydrogenated oil and
surfactant is called bulk contrast. In this case, only the water
core is visible when the water-in-oil droplet microemulsion
is formed. On the other hand, a mixture of deuterated water
and oil with the hydrogenated surfactant is called film con-
trast. In this case, only the surfactant layer is visible to neu-
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i.e., the ratio of the scattering intensities of each contrast is
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relation is independent of S#q$ and, therefore, one can evalu-
ate F#q$ of the system without the influence of S#q$. We call
this procedure the “relative form factor method.”
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the monodisperse systems, while the system has the size dis-
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解析結果

negligibly small. In the low-q region, for both the contrast
cases, it is expected that the coherent scattering intensity,
Icoh, is much higher than the incoherent scattering intensity,
Iinc. When Icoh is two orders of magnitude larger than Iinc, the
distortion of R!q" due to the incoherent background is ex-
pected to be less than 1% after the subtraction of Iinc. On the
other hand, in the low concentration and at high q, there are
possibilities of Icoh# Iinc. In this case, even after the subtrac-
tion of Iinc from the observed scattering intensities, R!q" may
have a considerable distortion due to the incoherent back-
ground. For example, if Iinc is estimated within the accuracy
of 90%, the distortion of R!q" is expected to be about 10%.
The important message here is that it is necessary to subtract
the contribution of Iinc from the scattering intensity as pre-

cisely as possible, if the contribution of Iinc is expected to be
above 10% of the scattering intensity.

In our experiment and data analysis, the sample thickness
dependence of the SANS intensity from D2O, protonated and
deuterated decane were measured to estimate the incoherent
scattering intensity of the mixtures. The estimated values of
the incoherent scattering intensities, which are obtained tak-
ing the contributions from the sample thickness and the com-
position into account, are subtracted from the scattering in-
tensities of the microemulsions. In our case, the maximum
distortion of R!q" by the incoherent scattering intensity is
calculated to be about 5% at q#0.08 Å−1 for !=0.05. This
value of the distortion is the largest influence in the present
result and we neglect the distortion of R!q" due to the inco-
herent scattering intensity in this paper.

A. Form factor

The obtained R!q"s for various ! in the whole-q range are
shown in Fig. 2. It is clear that R!q"s below !#0.6 have
almost the same profile. Since R!q" is sensitive to the change
of the form factor, this result indicates that the droplet shape
is unchanged below !#0.6. The profile change of R!q" at
!"0.6 indicates the deformation of the droplet structure of
the unit particle.

In the present analysis the Gaussian distribution function,

h!r" =
1

$2#$r
exp%− & r − r0

$2$r
'2( , !17"

is used as the size distribution function in Eq. !9" for sim-
plicity instead of the Schultz size distribution function,
which has been generally used in AOT microemulsion sys-
tems )22*. r0 is the mean radius of the water droplets and $r
the root mean square deviation from the mean of droplets as
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FIG. 1. ! dependence of the SANS profiles from !a" the bulk
contrast and !b" the film contrast. The scattering intensity from !
=0.05 is shown in absolute units, and the others are shifted as
shown in the legend for better visualization. The error bars shown
in this text indicate ±1 standard deviation.
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!r2 = !r0
2" − !r0"2. #18$

The calculation was performed in the case only for r"0. The
polydispersity index pexp is expressed as pexp=!r /r0. It is
known that the differences between the Gaussian and the
Schultz size distribution functions are small in low polydis-
persity cases.

The solid lines in Fig. 2 are fit results according to Eq.
#11$. Fit parameters are r0, !r, and the membrane thickness
of droplets, #. The polydispersity index, p, is calculated as
p2= pexp

2 − pres
2 , where pexp is obtained from the fit parameters.

Basically the instrumental resolution affects the value of p,
and this part, pres, is subtracted from pexp, as mentioned
above. The value of pres=0.13 is assumed according to the
measurement of the q resolution of the SANS-U spectrom-
eter %30&. The fit result shown in Fig. 2 explains the experi-
mental spectra well at least in the range of q$0.08 Å−1.

The % dependence of the obtained fit parameters are
shown in Fig. 3. The mean radius of the droplet shell, rs, is
calculated from rs=r0+#. r0 and rs are almost constant below
%*'0.62, and they decrease above %*. The mean values of
r0 and rs at %$0.6 are #43.6±0.6$ Å and #59.7±0.5$ Å, re-
spectively. The value of p decreases monotonically below
%*, and then it increases with %. The slope at %$0.6 is
dp /d%'−0.12 and it is close to the result obtained by Kot-
larchyk et al. %9& at W=40.8, 0.04$%$0.21, and T
'295 K. These results indicate that the size of the water
droplets does not change, while the polydispersity decreases
with increasing % below %=%*. The size distribution of
droplets becomes minimum at %=%*, and at %"%* it tends
to increase. The value of %* is close to the value of the
glasslike transition concentration %c'0.65 obtained by Sheu
et al. %19&, where the macroscopic viscosity tends to diverge.
The concentration dependence of the macroscopic viscosity
is explained by the structure change of the droplets described
here.

Above %=0.65, the value of p increased drastically. In
this % region, the Gaussian distribution function may not be
appropriate to explain the experimental result, since this
function is valid only for the small polydispersity case. In
order to check the validity of the Gaussian distribution func-
tion in this % region, we analyzed the data using the log-
normal distribution function instead of the Gaussian func-
tion. In our calculation, the % dependence of the structure
parameters showed almost the same tendency for both distri-
bution functions. Thus the data points shown at %&0.65
have few meanings, while those points remind us of the idea
of the deformation of the sphere in the high concentration
region.

As explained in Sec. II, the size polydispersity affects the
profile of R#q$, and thus the estimated structure parameters
may be changed when we consider the effect of '#q$. In
order to estimate the effect of '#q$ on the structure param-
eters of the form factor, we reanalyzed R#q$ taking '#q$ into
account. According to our calculation, the effect of '#q$ ap-
pears at low-q region as a distortion of R#q$. Due to the
distortion of R#q$, p decreased about 10%, while r0 and #
remained almost the same values. This result indicated the
profile of the form factor is almost the same even when the
effect of polydispersity is taken into account.

In the present paper, only a slight deviation is obtained
between the experimental observation and the fit result with-
out the consideration of '#q$. The origin of the deviation
comes from the limitation of the model form factor, such as
distribution of the membrane thickness, as well as the effect
of '#q$. Our result shows that the relative form factor can be
applied when the polydispersity is less than p=0.15. How-
ever, it should be noted that the larger value of p originates
the large discrepancy between S#q$ and Seff#q$ according to
the relation of Eq. #7$.

The form factors, Fb#q$ and Ff#q$, are reproduced from
the estimated structure parameters without taking the effect
of '#q$ into account. In order to compare the results of the
reproduced form factors with the observed SANS profiles,
the number density n was multiplied to Fb#q$ and Ff#q$. The
value of n was estimated from both the experimental result,
so as to get S#q$'1 in the high-q region, and the calculation.
For example, the value of n for %=0.05 of the bulk contrast
sample is estimated to be n'4(1016 cm−3. This value is
consistent with the calculated value of the number density,
ncalc=% / #4)r0

3 /3$'5(1016 cm−3 for %=0.05.
In Fig. 4, the reproduced Fb#q$ and Ff#q$ are shown for

%=0.05 with the observed SANS profile. This figure clearly
indicates that the obtained SANS profile and the reproduced
form factor are different in the low-q region. The origin of
the deviation is ascribed to the contribution from the struc-
ture factor. This fact implies that the structure factor of the
droplet microemulsion systems cannot be unity even when
the concentration of the water droplets is low at room tem-
perature.

B. Structure factor

Following the successful estimation of F#q$s, we calcu-
lated the concentration dependence of Seff#q$ as a ratio of
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by a broad single peak which corresponds to an inter-droplet
correlation. As described in the first section of this paper,
Kotlarchyk, Sheu, and Capel concluded that these profiles
corresponded to the droplet structure.6 Thus we tried to ex-
plain these profiles by a sum of two terms as follows:

I!Q "!cP!Q "S!Q ""c0L0!Q ", !1"

where P(Q) and S(Q) are droplet form factor and inter-
particle structure factor, respectively, and L0(Q) indicates
surfactant density fluctuation. In our previous paper,11 the
scattering function from the polydisperse droplet for P(Q),
the structure factor of a system with hard-sphere and adhe-
sive inter-particle potential for S(Q), and a single Lorentzian
for L0(Q) were used to explain SAXS spectra from the
dense droplet structure, which was the same as the present
sample of #!0.6. The combination of these functions fits
well with the SAXS spectra of 0.40$#$0.65, as shown by
the solid lines in Fig. 2. The fit parameters obtained, R !drop-
let radius", #d !droplet density", % !depth of an attractive
potential", & !fractional surface thickness", Z !a width param-
eter of Schultz size distribution", R0 !radius of a water core",
and '( !correlation length of the density fluctuation of sur-
factant", are presented in Table I. The SAXS spectrum from
the sample of #!0.70 cannot be explained by Eq. !1", be-
cause a small peak at around Q!0.08 Å#1 indicates that it is
coexisting state with droplet and lamellar structures.

As stated in much of the recent literature, the droplet
size is believed to be the same in cases where the molar ratio
of AOT to water is kept constant, because this ratio directly
relates to the ratio of the surface of a droplet to its volume as
described in the first section of this paper. However, our
results demonstrate that the droplet radius, R, which is a
distance from the center of a droplet to the hydrocarbon tails
of surfactant molecules, decreased with increasing droplet
volume fraction, #. The water core radius, R0 also decreased
with increasing #. These results can be explained if one al-
lows deviation of droplets from the spherical shape. When
the droplet density is sufficiently low, the free energy condi-
tion of a droplet mandates a spherical morphology. However,
with increasing droplet volume fraction, droplet–droplet dis-
tance decreases and the effect of the attractive force of the
hydrocarbon tails of surfactant molecules becomes more sig-
nificant; two layers of neighboring droplets will adhere to
each other and the droplets may deform. When droplet vol-
ume is kept constant, the mean radius of deformed droplets is
smaller than that of the sphere. Therefore, the mean value of
droplet size decreases with increasing droplet volume frac-
tion. This is supported by evidence that the width parameter,
Z, decreases with increasing droplet density due to increasing
polydispersity. It is worth noting that the close-packed struc-

ture of spheres occupies about 56% volume fraction. There-
fore, the shapes of droplets at #)0.6 cannot be spheres.

The difference between R and R0 is almost the same for
all values of # and its mean value is about 13 Å, which is
comparable with the length of an AOT molecule.2 From
these results, we can conclude that the surfactant molecules
extend to the surrounding oil medium at all the droplet vol-
ume fractions investigated.

Using the fit parameters obtained, the form factor of a
droplet, P(Q), and the inter-particle structure factor, S(Q),
could be calculated. Figure 3!a" compares the calculated
form factors for #!0.4, 0.5, and 0.6. This result reconfirms
that the shape of droplets depends on the droplet volume
fraction #. In Fig. 3!b", the calculated structure factors for
#!0.4, 0.5, and 0.6 are also shown. The sharp first peak of
S(Q) shifts to higher Q with increasing #. The first peak of
#!0.40 at Q!0.04 Å#1 accounts for the averaged distance
between droplets, d, being about 157 Å, which was 16 Å

TABLE I. Obtained fit parameters at ambient pressure.

R !Å" # %(kBT) * Z R0 !Å" '( !Å"

#!0.40 71.75 0.169 #2.32 0.003 04 31.7 56.81 45.65
#!0.50 62.81 0.189 #2.12 0.001 18 36.6 53.34 18.7
#!0.55 63.88 0.200 #1.75 0.000 80 37.9 50.03 14.4
#!0.60 60.86 0.278 #3.11 0.001 29 26.1 48.95 16.7
#!0.65 60.04 0.291 #3.70 0.000 52 21.6 44.29 11.7

FIG. 3. !a" The calculated form factor P(Q) and !b" the structure factor
S(Q) for #!0.40, 0.50, and 0.60.
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which was similar to the present concentration. In Fig. 4, the
SANS profile for the film-contrast sample obtained at T
=292.15 K and P=0.1 MPa is compared with the profile at
T=299.85 K and P=100.6 MPa. Note that these two profiles
are almost identical. Hence we can conclude that both
phases, i.e., one below T!293 K at ambient pressure and
the other above P!60 MPa at room temperature "i.e., T
!298 K# are the same and assigned to be H1. This conjec-
ture agrees with the result shown in Fig. 2.

In Fig. 5, the SANS profile obtained from the bulk-
contrast sample is compared with that from the film contrast
at T=299.85 K and P=80 MPa. The ratio of the q values of
these peaks was 1:$3:$7 for the film-contrast sample, which
could be indexed as "100#, "110#, and "120#, assuming the
hexagonal structure. Although the reflection from "200# was
not distinguished from the SANS profile of the film-contrast
sample, a slight shoulder was observed in the profile of the
bulk-contrast sample. Therefore, both profiles clearly suggest
the existence of cylindrical domain structures. The ratio of q
values of these peaks did not change even in the coexistence
phase.

C. Determination of the structure parameters

The structure parameters of the hexagonal phase, i.e.,
the nearest-neighbor distance between the cylinders dH,
the radius of the cylinder Rc, and the surfactant layer
thickness tc were evaluated from the SANS profiles.
The hexagonal structure has the primitive translation vectors
a1= "$3a /2#x+ "a /2#y, a2=−"$3a /2#x+ "a /2#y, and a3=cz,
where x , y, and z are the unit vectors of Cartesian coordi-
nates, and a and c are the lattice constants, respectively, and
a3 axis is parallel to the long axis of the cylinders. In the
present case, reflections from the "hkl# plane with l!0 were
not observed maybe because c!a, where h , k, and l indicate
the Miller indices. Therefore, hereafter, only the reflections
from the "hk0# plane are considered. According to the pro-
cedure by Fukuda et al.23 dH was calculated from the follow-
ing equation:

dH =
4"

$3qhk0

$h2 + k2 + hk , "1#

where qhk0 is the peak position due to the reflection from the
"hk0# plane. In the present case, we determined dH from the
"100# and "110# peaks because the "200# and "120# peaks
were not clear. dH in the coexistence region was evaluated
with the same manner as the case of the single hexagonal
phase. Rc was estimated from the relation given by Fukuda
et al.,23

Rc = dH$$3

2"
#c, "2#

where #c is the volume fraction of the cylinders calculated
with the assumption #c!#o+#s /2. Because the concentra-
tion of the cylinders in the coexistence phase could not be
estimated, Rc was calculated only in the single hexagonal
phase. tc was determined from the following relation:23

tc =
#s

2#c
Rc. "3#

In general, the scattering data includes two contribu-
tions, i.e., one the structure factor and the other the form
factor. In the present hexagonal structure, it is possible to
calculate the ratio of the scattering intensities of the peaks
due to the form factor. The structure factor S"hk0# for the
reflections from the "hk0# plane is as follows:

S"hk0# = 1 + exp%− 2"i&$3
2

h +
1
2

k'( + exp)− 2"ik*

+ exp%− 2"i&−
$3
2

h +
1
2

k'( , "4#

because of the unit structure of the hexagonal symmetry.
Therefore, the scattering intensities of the "100#, "110#,
"200#, and "120# reflections are calculated, and the ratio of
them is obtained to be 1:0.2:0.53:1. By using this relation, it
is possible to estimate the contribution from the form factor
at every peak position by the division of the scattering inten-
sities to S"hk0#.

FIG. 4. SANS profiles from the low-temperature and high-pressure hexago-
nal phases. The SANS profiles are almost identical, and therefore, the struc-
tures of these two conditions are the same.

FIG. 5. Comparison between the SANS profiles observed from the bulk-
contrast and the film-contrast samples at T=299.85 K and P=80 MPa. The
ratio of the peak positions and the Miller indices for the hexagonal symme-
try are shown.
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which was similar to the present concentration. In Fig. 4, the
SANS profile for the film-contrast sample obtained at T
=292.15 K and P=0.1 MPa is compared with the profile at
T=299.85 K and P=100.6 MPa. Note that these two profiles
are almost identical. Hence we can conclude that both
phases, i.e., one below T!293 K at ambient pressure and
the other above P!60 MPa at room temperature "i.e., T
!298 K# are the same and assigned to be H1. This conjec-
ture agrees with the result shown in Fig. 2.

In Fig. 5, the SANS profile obtained from the bulk-
contrast sample is compared with that from the film contrast
at T=299.85 K and P=80 MPa. The ratio of the q values of
these peaks was 1:$3:$7 for the film-contrast sample, which
could be indexed as "100#, "110#, and "120#, assuming the
hexagonal structure. Although the reflection from "200# was
not distinguished from the SANS profile of the film-contrast
sample, a slight shoulder was observed in the profile of the
bulk-contrast sample. Therefore, both profiles clearly suggest
the existence of cylindrical domain structures. The ratio of q
values of these peaks did not change even in the coexistence
phase.

C. Determination of the structure parameters

The structure parameters of the hexagonal phase, i.e.,
the nearest-neighbor distance between the cylinders dH,
the radius of the cylinder Rc, and the surfactant layer
thickness tc were evaluated from the SANS profiles.
The hexagonal structure has the primitive translation vectors
a1= "$3a /2#x+ "a /2#y, a2=−"$3a /2#x+ "a /2#y, and a3=cz,
where x , y, and z are the unit vectors of Cartesian coordi-
nates, and a and c are the lattice constants, respectively, and
a3 axis is parallel to the long axis of the cylinders. In the
present case, reflections from the "hkl# plane with l!0 were
not observed maybe because c!a, where h , k, and l indicate
the Miller indices. Therefore, hereafter, only the reflections
from the "hk0# plane are considered. According to the pro-
cedure by Fukuda et al.23 dH was calculated from the follow-
ing equation:

dH =
4"

$3qhk0

$h2 + k2 + hk , "1#

where qhk0 is the peak position due to the reflection from the
"hk0# plane. In the present case, we determined dH from the
"100# and "110# peaks because the "200# and "120# peaks
were not clear. dH in the coexistence region was evaluated
with the same manner as the case of the single hexagonal
phase. Rc was estimated from the relation given by Fukuda
et al.,23

Rc = dH$$3

2"
#c, "2#

where #c is the volume fraction of the cylinders calculated
with the assumption #c!#o+#s /2. Because the concentra-
tion of the cylinders in the coexistence phase could not be
estimated, Rc was calculated only in the single hexagonal
phase. tc was determined from the following relation:23

tc =
#s

2#c
Rc. "3#

In general, the scattering data includes two contribu-
tions, i.e., one the structure factor and the other the form
factor. In the present hexagonal structure, it is possible to
calculate the ratio of the scattering intensities of the peaks
due to the form factor. The structure factor S"hk0# for the
reflections from the "hk0# plane is as follows:

S"hk0# = 1 + exp%− 2"i&$3
2

h +
1
2

k'( + exp)− 2"ik*

+ exp%− 2"i&−
$3
2

h +
1
2

k'( , "4#

because of the unit structure of the hexagonal symmetry.
Therefore, the scattering intensities of the "100#, "110#,
"200#, and "120# reflections are calculated, and the ratio of
them is obtained to be 1:0.2:0.53:1. By using this relation, it
is possible to estimate the contribution from the form factor
at every peak position by the division of the scattering inten-
sities to S"hk0#.

FIG. 4. SANS profiles from the low-temperature and high-pressure hexago-
nal phases. The SANS profiles are almost identical, and therefore, the struc-
tures of these two conditions are the same.

FIG. 5. Comparison between the SANS profiles observed from the bulk-
contrast and the film-contrast samples at T=299.85 K and P=80 MPa. The
ratio of the peak positions and the Miller indices for the hexagonal symme-
try are shown.
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which was similar to the present concentration. In Fig. 4, the
SANS profile for the film-contrast sample obtained at T
=292.15 K and P=0.1 MPa is compared with the profile at
T=299.85 K and P=100.6 MPa. Note that these two profiles
are almost identical. Hence we can conclude that both
phases, i.e., one below T!293 K at ambient pressure and
the other above P!60 MPa at room temperature "i.e., T
!298 K# are the same and assigned to be H1. This conjec-
ture agrees with the result shown in Fig. 2.

In Fig. 5, the SANS profile obtained from the bulk-
contrast sample is compared with that from the film contrast
at T=299.85 K and P=80 MPa. The ratio of the q values of
these peaks was 1:$3:$7 for the film-contrast sample, which
could be indexed as "100#, "110#, and "120#, assuming the
hexagonal structure. Although the reflection from "200# was
not distinguished from the SANS profile of the film-contrast
sample, a slight shoulder was observed in the profile of the
bulk-contrast sample. Therefore, both profiles clearly suggest
the existence of cylindrical domain structures. The ratio of q
values of these peaks did not change even in the coexistence
phase.

C. Determination of the structure parameters

The structure parameters of the hexagonal phase, i.e.,
the nearest-neighbor distance between the cylinders dH,
the radius of the cylinder Rc, and the surfactant layer
thickness tc were evaluated from the SANS profiles.
The hexagonal structure has the primitive translation vectors
a1= "$3a /2#x+ "a /2#y, a2=−"$3a /2#x+ "a /2#y, and a3=cz,
where x , y, and z are the unit vectors of Cartesian coordi-
nates, and a and c are the lattice constants, respectively, and
a3 axis is parallel to the long axis of the cylinders. In the
present case, reflections from the "hkl# plane with l!0 were
not observed maybe because c!a, where h , k, and l indicate
the Miller indices. Therefore, hereafter, only the reflections
from the "hk0# plane are considered. According to the pro-
cedure by Fukuda et al.23 dH was calculated from the follow-
ing equation:

dH =
4"

$3qhk0

$h2 + k2 + hk , "1#

where qhk0 is the peak position due to the reflection from the
"hk0# plane. In the present case, we determined dH from the
"100# and "110# peaks because the "200# and "120# peaks
were not clear. dH in the coexistence region was evaluated
with the same manner as the case of the single hexagonal
phase. Rc was estimated from the relation given by Fukuda
et al.,23

Rc = dH$$3

2"
#c, "2#

where #c is the volume fraction of the cylinders calculated
with the assumption #c!#o+#s /2. Because the concentra-
tion of the cylinders in the coexistence phase could not be
estimated, Rc was calculated only in the single hexagonal
phase. tc was determined from the following relation:23

tc =
#s

2#c
Rc. "3#

In general, the scattering data includes two contribu-
tions, i.e., one the structure factor and the other the form
factor. In the present hexagonal structure, it is possible to
calculate the ratio of the scattering intensities of the peaks
due to the form factor. The structure factor S"hk0# for the
reflections from the "hk0# plane is as follows:

S"hk0# = 1 + exp%− 2"i&$3
2

h +
1
2

k'( + exp)− 2"ik*

+ exp%− 2"i&−
$3
2

h +
1
2

k'( , "4#

because of the unit structure of the hexagonal symmetry.
Therefore, the scattering intensities of the "100#, "110#,
"200#, and "120# reflections are calculated, and the ratio of
them is obtained to be 1:0.2:0.53:1. By using this relation, it
is possible to estimate the contribution from the form factor
at every peak position by the division of the scattering inten-
sities to S"hk0#.

FIG. 4. SANS profiles from the low-temperature and high-pressure hexago-
nal phases. The SANS profiles are almost identical, and therefore, the struc-
tures of these two conditions are the same.

FIG. 5. Comparison between the SANS profiles observed from the bulk-
contrast and the film-contrast samples at T=299.85 K and P=80 MPa. The
ratio of the peak positions and the Miller indices for the hexagonal symme-
try are shown.
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which was similar to the present concentration. In Fig. 4, the
SANS profile for the film-contrast sample obtained at T
=292.15 K and P=0.1 MPa is compared with the profile at
T=299.85 K and P=100.6 MPa. Note that these two profiles
are almost identical. Hence we can conclude that both
phases, i.e., one below T!293 K at ambient pressure and
the other above P!60 MPa at room temperature "i.e., T
!298 K# are the same and assigned to be H1. This conjec-
ture agrees with the result shown in Fig. 2.

In Fig. 5, the SANS profile obtained from the bulk-
contrast sample is compared with that from the film contrast
at T=299.85 K and P=80 MPa. The ratio of the q values of
these peaks was 1:$3:$7 for the film-contrast sample, which
could be indexed as "100#, "110#, and "120#, assuming the
hexagonal structure. Although the reflection from "200# was
not distinguished from the SANS profile of the film-contrast
sample, a slight shoulder was observed in the profile of the
bulk-contrast sample. Therefore, both profiles clearly suggest
the existence of cylindrical domain structures. The ratio of q
values of these peaks did not change even in the coexistence
phase.

C. Determination of the structure parameters

The structure parameters of the hexagonal phase, i.e.,
the nearest-neighbor distance between the cylinders dH,
the radius of the cylinder Rc, and the surfactant layer
thickness tc were evaluated from the SANS profiles.
The hexagonal structure has the primitive translation vectors
a1= "$3a /2#x+ "a /2#y, a2=−"$3a /2#x+ "a /2#y, and a3=cz,
where x , y, and z are the unit vectors of Cartesian coordi-
nates, and a and c are the lattice constants, respectively, and
a3 axis is parallel to the long axis of the cylinders. In the
present case, reflections from the "hkl# plane with l!0 were
not observed maybe because c!a, where h , k, and l indicate
the Miller indices. Therefore, hereafter, only the reflections
from the "hk0# plane are considered. According to the pro-
cedure by Fukuda et al.23 dH was calculated from the follow-
ing equation:

dH =
4"

$3qhk0

$h2 + k2 + hk , "1#

where qhk0 is the peak position due to the reflection from the
"hk0# plane. In the present case, we determined dH from the
"100# and "110# peaks because the "200# and "120# peaks
were not clear. dH in the coexistence region was evaluated
with the same manner as the case of the single hexagonal
phase. Rc was estimated from the relation given by Fukuda
et al.,23

Rc = dH$$3

2"
#c, "2#

where #c is the volume fraction of the cylinders calculated
with the assumption #c!#o+#s /2. Because the concentra-
tion of the cylinders in the coexistence phase could not be
estimated, Rc was calculated only in the single hexagonal
phase. tc was determined from the following relation:23

tc =
#s

2#c
Rc. "3#

In general, the scattering data includes two contribu-
tions, i.e., one the structure factor and the other the form
factor. In the present hexagonal structure, it is possible to
calculate the ratio of the scattering intensities of the peaks
due to the form factor. The structure factor S"hk0# for the
reflections from the "hk0# plane is as follows:

S"hk0# = 1 + exp%− 2"i&$3
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because of the unit structure of the hexagonal symmetry.
Therefore, the scattering intensities of the "100#, "110#,
"200#, and "120# reflections are calculated, and the ratio of
them is obtained to be 1:0.2:0.53:1. By using this relation, it
is possible to estimate the contribution from the form factor
at every peak position by the division of the scattering inten-
sities to S"hk0#.

FIG. 4. SANS profiles from the low-temperature and high-pressure hexago-
nal phases. The SANS profiles are almost identical, and therefore, the struc-
tures of these two conditions are the same.

FIG. 5. Comparison between the SANS profiles observed from the bulk-
contrast and the film-contrast samples at T=299.85 K and P=80 MPa. The
ratio of the peak positions and the Miller indices for the hexagonal symme-
try are shown.
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which was similar to the present concentration. In Fig. 4, the
SANS profile for the film-contrast sample obtained at T
=292.15 K and P=0.1 MPa is compared with the profile at
T=299.85 K and P=100.6 MPa. Note that these two profiles
are almost identical. Hence we can conclude that both
phases, i.e., one below T!293 K at ambient pressure and
the other above P!60 MPa at room temperature "i.e., T
!298 K# are the same and assigned to be H1. This conjec-
ture agrees with the result shown in Fig. 2.

In Fig. 5, the SANS profile obtained from the bulk-
contrast sample is compared with that from the film contrast
at T=299.85 K and P=80 MPa. The ratio of the q values of
these peaks was 1:$3:$7 for the film-contrast sample, which
could be indexed as "100#, "110#, and "120#, assuming the
hexagonal structure. Although the reflection from "200# was
not distinguished from the SANS profile of the film-contrast
sample, a slight shoulder was observed in the profile of the
bulk-contrast sample. Therefore, both profiles clearly suggest
the existence of cylindrical domain structures. The ratio of q
values of these peaks did not change even in the coexistence
phase.

C. Determination of the structure parameters

The structure parameters of the hexagonal phase, i.e.,
the nearest-neighbor distance between the cylinders dH,
the radius of the cylinder Rc, and the surfactant layer
thickness tc were evaluated from the SANS profiles.
The hexagonal structure has the primitive translation vectors
a1= "$3a /2#x+ "a /2#y, a2=−"$3a /2#x+ "a /2#y, and a3=cz,
where x , y, and z are the unit vectors of Cartesian coordi-
nates, and a and c are the lattice constants, respectively, and
a3 axis is parallel to the long axis of the cylinders. In the
present case, reflections from the "hkl# plane with l!0 were
not observed maybe because c!a, where h , k, and l indicate
the Miller indices. Therefore, hereafter, only the reflections
from the "hk0# plane are considered. According to the pro-
cedure by Fukuda et al.23 dH was calculated from the follow-
ing equation:

dH =
4"

$3qhk0

$h2 + k2 + hk , "1#

where qhk0 is the peak position due to the reflection from the
"hk0# plane. In the present case, we determined dH from the
"100# and "110# peaks because the "200# and "120# peaks
were not clear. dH in the coexistence region was evaluated
with the same manner as the case of the single hexagonal
phase. Rc was estimated from the relation given by Fukuda
et al.,23

Rc = dH$$3

2"
#c, "2#

where #c is the volume fraction of the cylinders calculated
with the assumption #c!#o+#s /2. Because the concentra-
tion of the cylinders in the coexistence phase could not be
estimated, Rc was calculated only in the single hexagonal
phase. tc was determined from the following relation:23

tc =
#s

2#c
Rc. "3#

In general, the scattering data includes two contribu-
tions, i.e., one the structure factor and the other the form
factor. In the present hexagonal structure, it is possible to
calculate the ratio of the scattering intensities of the peaks
due to the form factor. The structure factor S"hk0# for the
reflections from the "hk0# plane is as follows:

S"hk0# = 1 + exp%− 2"i&$3
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h +
1
2

k'( + exp)− 2"ik*

+ exp%− 2"i&−
$3
2

h +
1
2

k'( , "4#

because of the unit structure of the hexagonal symmetry.
Therefore, the scattering intensities of the "100#, "110#,
"200#, and "120# reflections are calculated, and the ratio of
them is obtained to be 1:0.2:0.53:1. By using this relation, it
is possible to estimate the contribution from the form factor
at every peak position by the division of the scattering inten-
sities to S"hk0#.

FIG. 4. SANS profiles from the low-temperature and high-pressure hexago-
nal phases. The SANS profiles are almost identical, and therefore, the struc-
tures of these two conditions are the same.

FIG. 5. Comparison between the SANS profiles observed from the bulk-
contrast and the film-contrast samples at T=299.85 K and P=80 MPa. The
ratio of the peak positions and the Miller indices for the hexagonal symme-
try are shown.
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In Fig. 6, the evaluated values of the form factor of the
bulk contrast and the film contrast were compared with the
experimental values at P=100.6 MPa and T=299.85 K. The
full circles indicate the experimental values obtained from
the peak intensities divided by the structure factor. The solid
line is the calculated form factor with the assumption of oil-
in-water cylinders. The full triangles and the dashed line de-
note those of the film-contrast sample and its theoretical
curve. The calculation of the form factor was performed for
a model of the core-shell cylinders. The equation is as
follows:24

P!q" =
scale
Vsh

#
0

!/2

f2!q,""sin "d" , !5"

where " is defined as the angle between the cylinder axis and
the scattering vector, and the integration indicated the orien-
tation averages of the cylinders. The form factor from one
cylinder f!q ,"" is expressed as,

f!q,"" = 2!#c − #sh"Vcj0!qH cos ""
J1!qr sin ""

qr sin "

+ 2!#sh − #so"Vshj0$q!H + tc"cos "%

$
J1!qRcsin ""

qRcsin "
, !6"

where

j0!x" =
sin x

x
, !7"

r = Rc − tc, !8"

Vc = 2!r2H , !9"

Vsh = 2!Rc
2!H + tc" . !10"

J1!x" is the first-order Bessel function and H the half length
of the cylinder. The calculations were done using the analysis
package developed at the National Institute for Standard and
Technology !NIST", USA.24 For the calculation, Rc of 57 Å
and tc of 15.5 Å were used. These values were evaluated
from Eqs. !2" and !3" in this work. The length of the cylin-
ders 2H of 400 Å was assumed. The calculated form factors
of the bulk contrast with the oil-in-water cylinders and of the
film contrast coincide well with the data points experimen-
tally obtained from the bulk- and the film-contrast samples.
Therefore, it is possible to conclude that the observed phase
at lower temperature and higher pressure is a well-aligned
hexagonal phase, and the cylinders in the hexagonal phase
are composed of oils coated by a surfactant monolayer !oil-
in-water cylinder". Shown in Fig. 7 is a schematic illustration
of the cylinder structure for the film- and the bulk-contrast
cases. As shown in the following sentences, dH&150 Å and
Rc&57 Å with tc&15.5 Å were almost constant in the
single hexagonal phase.

Figure 8 shows the pressure dependence of dL ,dH, and
Rc for !a" T=297.3 K, for !b" T=299.8 K, and for !c" T
=302.5 K, respectively. Here, dL is the mean repeat distance
of the lamellar phase, and it was estimated from the first peak
position of the L" phase, with dL=2! /qL. dL in the single
lamellar phase kept almost constant at dL&60 Å indepen-
dent of temperature, and it slightly decreased with increasing
pressure in the coexistence phase. Considering the volume
fractions of the ingredients, the thicknesses of water and oil
layers are estimated to be &44 Å and the thickness of the
surfactant layer tl is tl&15.5 Å. dH in the coexistence phase
decreased with increasing pressure, and it kept almost con-
stant in the single hexagonal phase at dH&150 Å except for
the case of T=302.5 K. Rc and tc also remained constant at
Rc&57 Å and tc&15.5 Å in the single hexagonal phase.

Figure 9 shows the temperature dependence of dL , dH,
and Rc. The data were obtained at P=40 MPa. It is clear that
dL in the single lamellar phase seemed to keep constant, and

FIG. 6. Evaluated form factors of the bulk- and the film-contrast samples at
P=100.6 MPa and T=299.85 K. The solid and dashed lines are the calcu-
lated form factors with the core-shell cylinders for the oil-in-water bulk
contrast and the film contrast, respectively.

FIG. 7. Schematic illustration of the hexagonal structure in two dimensions
for !a" the film contrast and !b" the bulk contrast. The surfactant coated oil
cylinders packed hexagonally in the solvent of water !D2O". The structure
parameters were determined from the SANS profile as discussed in the main
text.
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In Fig. 6, the evaluated values of the form factor of the
bulk contrast and the film contrast were compared with the
experimental values at P=100.6 MPa and T=299.85 K. The
full circles indicate the experimental values obtained from
the peak intensities divided by the structure factor. The solid
line is the calculated form factor with the assumption of oil-
in-water cylinders. The full triangles and the dashed line de-
note those of the film-contrast sample and its theoretical
curve. The calculation of the form factor was performed for
a model of the core-shell cylinders. The equation is as
follows:24
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the scattering vector, and the integration indicated the orien-
tation averages of the cylinders. The form factor from one
cylinder f!q ,"" is expressed as,

f!q,"" = 2!#c − #sh"Vcj0!qH cos ""
J1!qr sin ""

qr sin "

+ 2!#sh − #so"Vshj0$q!H + tc"cos "%

$
J1!qRcsin ""

qRcsin "
, !6"

where

j0!x" =
sin x

x
, !7"

r = Rc − tc, !8"

Vc = 2!r2H , !9"

Vsh = 2!Rc
2!H + tc" . !10"

J1!x" is the first-order Bessel function and H the half length
of the cylinder. The calculations were done using the analysis
package developed at the National Institute for Standard and
Technology !NIST", USA.24 For the calculation, Rc of 57 Å
and tc of 15.5 Å were used. These values were evaluated
from Eqs. !2" and !3" in this work. The length of the cylin-
ders 2H of 400 Å was assumed. The calculated form factors
of the bulk contrast with the oil-in-water cylinders and of the
film contrast coincide well with the data points experimen-
tally obtained from the bulk- and the film-contrast samples.
Therefore, it is possible to conclude that the observed phase
at lower temperature and higher pressure is a well-aligned
hexagonal phase, and the cylinders in the hexagonal phase
are composed of oils coated by a surfactant monolayer !oil-
in-water cylinder". Shown in Fig. 7 is a schematic illustration
of the cylinder structure for the film- and the bulk-contrast
cases. As shown in the following sentences, dH&150 Å and
Rc&57 Å with tc&15.5 Å were almost constant in the
single hexagonal phase.

Figure 8 shows the pressure dependence of dL ,dH, and
Rc for !a" T=297.3 K, for !b" T=299.8 K, and for !c" T
=302.5 K, respectively. Here, dL is the mean repeat distance
of the lamellar phase, and it was estimated from the first peak
position of the L" phase, with dL=2! /qL. dL in the single
lamellar phase kept almost constant at dL&60 Å indepen-
dent of temperature, and it slightly decreased with increasing
pressure in the coexistence phase. Considering the volume
fractions of the ingredients, the thicknesses of water and oil
layers are estimated to be &44 Å and the thickness of the
surfactant layer tl is tl&15.5 Å. dH in the coexistence phase
decreased with increasing pressure, and it kept almost con-
stant in the single hexagonal phase at dH&150 Å except for
the case of T=302.5 K. Rc and tc also remained constant at
Rc&57 Å and tc&15.5 Å in the single hexagonal phase.

Figure 9 shows the temperature dependence of dL , dH,
and Rc. The data were obtained at P=40 MPa. It is clear that
dL in the single lamellar phase seemed to keep constant, and

FIG. 6. Evaluated form factors of the bulk- and the film-contrast samples at
P=100.6 MPa and T=299.85 K. The solid and dashed lines are the calcu-
lated form factors with the core-shell cylinders for the oil-in-water bulk
contrast and the film contrast, respectively.

FIG. 7. Schematic illustration of the hexagonal structure in two dimensions
for !a" the film contrast and !b" the bulk contrast. The surfactant coated oil
cylinders packed hexagonally in the solvent of water !D2O". The structure
parameters were determined from the SANS profile as discussed in the main
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解析結果

53

(1 0 0)

150 Å8 3Å

1 5.5 Å

(1 1 0)

(1 2 0)

( 20 0)

( a) fi lm co n tra s t

o i l

w ate r

s ur fa c ta nt

15 0Å

1 14Å

(b ) b ul k con tr as t

s ur fa ct an t

c oat ed oil

w at er

bulk contrast
(C12E5 / D2O / octane)

film contrast
(C12E5 / D2O / d-octane)



54

P

0.1MPa

70MPa

aH=45.3Å
2

aH=45.3Å
2

v=607Å3

v=702Å3

Rc=57Å

κT ~ 2.1 x 106 kPa-1 
dodecane: 0.99 x 10 -6 kPa -1



φw=0.62

55

R(q) = =
Ibulk(q)
Ifilm(q)

Pbulk(q)
Pfilm(q)

SANS experiment (SANS-U, JRR-3M, JAERI, Japan)
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t = 11.7 Å

r =65.6 Å

aH=45.3Å
2

v=651.6 Å3

κT ~ 1.5 x 10-6 kPa-1 
dodecane: 0.99 x 10 -6 kPa -1



研究例-2 
Polymer Gel



コントラスト変調法による多成分解析

散乱体が多成分系の場合、観測される散乱強度は複雑となる．



A: B: C:

� 

I Q( ) = ΔρA
2SAA Q( ) + ΔρB

2SBB Q( ) + ΔρC
2SCC Q( )

+2ΔρAΔρBSAB Q( ) + 2ΔρBΔρCSBC Q( ) + 2ΔρAΔρCSAC Q( )

SAA: SBB: SCC:

SAB: SBC: SAC:

Sij(Q): 部分散乱関数	

Δρi: 　散乱コントラスト

コントラスト変調法による多成分解析



コントラスト変調法による多成分解析

A: B: C:

� 

I Q( ) = ΔρA
2SAA Q( ) + ΔρB

2SBB Q( ) + ΔρC
2SCC Q( )

+2ΔρAΔρBSAB Q( ) + 2ΔρBΔρCSBC Q( ) + 2ΔρAΔρCSAC Q( )

Sij(Q): 部分散乱関数	

Δρi: 　散乱コントラスト

・コントラスト変調法とは、多成分系における全ての部分散乱関数を分
離する実験手法である．
・重水素等の同位体置換を利用することで変化させる。
・N成分系におけるコントラスト変調実験は、最低 N+1C2 のコントラスト
の異なる実験が必要である．
・実験的に対相関関数が得られる唯一の方法．



溶媒のコントラスト変化

溶媒のコントラストをある成分に合わせると、その成分からの散乱を消す事が出来る．	
⇒ コントラストマッチング法

コントラストマッチング法は、ある特定の（一つの）部分散乱関数を抽出する手法である．

散乱体が２成分の系には適用が容易だが、３成分以上になると、単純には適用出来ない．



部分散乱関数

  

� 

I1 Q( ) = Δ1ρA
2SAA Q( ) +Δ1ρB

2SBB Q( ) +Δ1ρC
2SCC Q( ) + 2Δ1ρAΔ

1ρBSAB Q( ) + 2Δ1ρBΔ
1ρCSBC Q( ) + 2Δ1ρAΔ

1ρCSAC Q( )
I2 Q( ) = Δ 2ρA

2SAA Q( ) +Δ 2ρB
2SBB Q( ) +Δ 2ρC

2SCC Q( ) + 2Δ 2ρAΔ
2ρBSAB Q( ) + 2Δ 2ρBΔ

2ρCSBC Q( ) + 2Δ 2ρAΔ
2ρCSAC Q( )

!
I6 Q( ) = Δ 6ρA

2SAA Q( ) +Δ 6ρB
2SBB Q( ) +Δ 6ρC

2SCC Q( ) + 2Δ 6ρAΔ
6ρBSAB Q( ) + 2Δ 6ρBΔ

6ρCSBC Q( ) + 2Δ 6ρAΔ
6ρCSAC Q( )

⎧ 

⎨ 
⎪ 
⎪ 

⎩ 
⎪ 
⎪ 

６元１次方程式を解けば、各部分散乱関数を得られる．



高分子：ポリNIPAm

Mg5.34Li0.66Si8O20(OH)4Na0.66

クレイ成分;Laponite

300Å

10Å

Haraguchi et al. Macromolecules, 2002, 35, 10162

変形性・強靱性・透明
性を併せ持つ．

NCゲルの構造解析

ナノコンポジット（NC）ゲル
川村理化学研究所・原口和敏博士グループ開発. 

構造が分からない．

東大物性研・柴山Ｇ



Scc

Spp

Sww

Scw

SpwScp

Self Terms

Cross Terms

NCゲル中の部分散乱関数の概念図



D2O/H2O比と各成分の散乱
長密度

NCゲル	

クレイの体積分率：φClay = 0.013	
高分子の体積分率：φPolymer = 0.042	

クレイを分散させた水溶液中でラジカル重合
を行う.

NCゲルを用いたコントラスト変調実験．



各コントラストで得られた	

散乱強度

NCゲルを用いたコントラスト変調実験．



実験値と再構築した強度との比較分離した部分散乱関数

Scp > 0

NCゲルを用いたコントラスト変調実験．



Interaction

Scc
部分散乱関数の解析．



Interaction

30Å

438Å

φWater = 0.65 (Local)

ΦWater = 0.95 (Overall)

Scp
部分散乱関数の解析．



Interaction

30Å

438Å

φWater = 0.65

ΦWater = 0.95

ξ = 171Å
10Å30Å

380Å

300Å

ξ ≈ 171Å

Spp
部分散乱関数の解析．

Endo et al. Macromolecules, 2008, 41, 5406



研究例3 
Unbinding of a lipid bilayer



L β '

L α excess
water

excess
water

10-8 10-7 10-6

unilamellar/multilamellar
unbinding transition

リン脂質二重膜の作る構造
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unbinding transition = 2nd order transition

Inter-bilayer interaction



Dry Film

Lipid Dry film

Hydration

** A.D. Bangham et al., J. Mol. Biol. 13 (1965)  238.
** N. Magome, T. Takemura, K. Yoshikawa, Chem. Lett. 26 (1997) 205.

(1) Lipids are solved in an 
organic solvent.

(2) The organic solvent are 
evaporated.

(3) Dry lipid film remains on a 
solid substrate.

(4) After the hydration, Giant Vesicles are formed spontaneously.

20µm

Natural swelling method



water

Glass capillary

Dry Film
X-ray

SPring-8, BL40B2
λ=1Å,  Camera-length=1m,  Detector: CCD

room temperature

Time-resolved SAXS measurement

Hishida et al., Chem. Phys. Lett. 2008

SAXSによる時分割測定



The early stage (0~20s) and the intermediate stage 
(20~200s)

Dry Film

•  Repeat distance between layers “d” increases inverse-exponentially.
•  The peak intensity decreases in the early stage, and recovers in the intermediate stage. 

Penetration of water
&

Relaxation to be a 
quasi-stable state 



The late stage (100 - 600 s)

•  “d” is almost constant (≈ 64 Å).
•  The peak intensity decreases monotonically. (The peak width is almost constant.)

Bilayers gradually peel off from the 
stack in the late stage. 



van der Waals 
interaction*

Hydration repulsion*

Steric repulsion**　
（Helfrich repulsion）

Free energy profile per unit area as a function of “d”  

)()()()( dFdFdFdF StehydvdW
++=

*H.I. Petrache et al., Phys. Rev. E 57 (1998) 7014
**W. Helfrich, Z. Naturforsch 33a (1978) 305 

Short-range repulsion  

~ Å
Long-range repulsion 

~10-1µm

Steric repulsion 
originates from thermal 

fluctuation



Intermediate 
stage Late stage

FΔ

The energy barrier 

ΔF ~ 102 - 103 kBT 

Diffusion (peeling-off) is 
too slow to observe. 

→ Bilayers remain stacked 
and giant vesicles are not 

formed. 

This process should be the 1st order transition



A ：Effective Steric repulsion

The outermost layer：　A>1
The inner layer：　A=1

One side of the outermost bilayers is not restricted by 
other bilayers.

)()()()( ddFdFdF StehydvdW
++=

van der Waals
interaction

Hydration 
repulsion

Steric 
repulsion

A F

Long-range repulsion 
~10-1µm

Steric repulsion 
originates from thermal 

fluctuation



Fokker-Planck equation
(Smoluchowski equation)

The rate of unbinding through the 
energy barrier. 
(Kramers’ rate )  

Inner layers:　ΔF ~ 102 - 103 kBT 
　→ Diffusion is too slow to observe. 

The outermost layer:　ΔF ~ kBT 
   → Bilayer is unbound by thermal  

         fluctuation to form a giant vesicle.

The outermost layer

FΔ

Unbinding kinetics of the outermost bilayer



The time-dependence of the number of 
stacked bilayers calculated with this 

assumption is consistent with the 
experimental result. 

（A = 1.0433）

Compared with the experimental result

A few-percent increase in steric repulsion only for 
the outermost bilayer triggers the peeling-off of 

bilayers from the stack. 

The num
ber of stacked bilayers



研究例-4 
Spontaneous Blebbing of an Interface



Self-organization

Ribonucleotide 
Amino acids

RNase, DNase, 
Proteinase

Drug

Cellular-signal

Exchange of materials/information

Spontaneous motion / deformationSelf-duplication

84

How to characterize living systems?



The generation of aggregates can be a simple and important factor of biological motility.

Amoeboid motion 
the extension of pseudopods is 
partially driven by generation of 
actomyosin gel (Amoeba, 
Keratocyte, Leukocyte, etc )

Listeria motion
propels itself by generating a 
tail-like actin gel from G-actin 
in the cytoplasm of its host cell 
(actin rocket)

5 µm

45 times 
speed

85

Spontaneous motion of cells



Model system to investigate 
spontaneous motion of interface

86

Water + Steayltrimethylammonium Chloride(STAC) 

CS=0.1~100 mM

Tetradecane (C14H30) + Palmitic Acid (PA) 

CP=1~20 mM



Typical example

87



aqueous phase 
(100 ml)

oil droplet 
(1 ml)

12 cm

CS=1 mM,　Cp=10 mM

(speed x10)

20 mm

88

Blebbing of oil/water interface

Y. Sumino, HS et. al., Phys. Rev. E 2007

No convection flow was observed

Marangoni instability



(speed x3)

oil droplet 
(3µl)

CS=1 mM,　Cp=20 mM

aqueous phase

difference of obtained data in Figure 2b. As shown in Figure
2c, the decrease rate in γaw, dγaw/dt, reaches its maximum at t
) τ. The temporal fluctuation of the interfacial tension during
the blebbing stage is attributable to the dynamical deformation
of the air-water interface caused by the droplet blebbing.

Measurement of the Duration of τ. The duration of the
shrinking stage, τ, was measured for various values of air-water
interface area, Aaw, for 100 µL oil droplets. Cs was also varied
as a parameter. Before performing the measurement, we
confirmed that τ was independent of the volume of the aqueous
phase and the depth of the aqueous phase by varying the volume
of the aqueous phase while keeping Aaw constant. It was noted
that once a droplet was in the blebbing stage and was then
removed from the aqueous surface, the shrinking stage did not
occur for another droplet placed on the same aqueous surface.
To avoid the hysteresis on the composition of aqueous surface,
the aqueous phase was changed at each measurement. As seen
in Figure 3a as typical results, τ linearly depended on Aaw. By
fitting the data, τ for a unit area of the aqueous surface is
obtained as shown in Figure 3b. We clearly see that τ became
small as Cs increased.

Observation of Aggregates. The polarization microscopic
measurement was conducted as follows: A 3 µL portion of
aqueous phase with Cs ) 50 mM was placed on a glass
substrate. A 0.5 µL oil droplet with Cp ) 20 mM was then
placed on the aqueous surface. Aggregates were observed
immediately after the oil droplet started blebbing. Figure 4a and
the Supporting Information 2 show that aggregate with optical
anisotropy was generated on the oil-water interface and
dispersed into the aqueous phase. After the aggregate was
detached from the oil-water interface, the distribution became
asymmetric, as in Figure 4a. This is attributable to the
entanglement of aggregate, even after its detachment. To
elucidate the structure of the aggregate, SAXS measurements
were also performed. A 350 µL portion of an organic phase
with Cp ) 10 mM was placed on a 700-µL aqueous phase with
Cs ) 25 mM. The cell was made of acryl plate and the window

for the X-rays was covered with a Kapton film (Figure 4b). In
this setup, the shrinking and spreading/recoil stages were not
observed due to the absence of an air-water interface in the
system because τ ∼ Aaw ) 0. The oil-water interface started
to bleb immediately after the organic phase had been transferred
to the aqueous phase. In the aqueous phase near the oil-water
interface, we obtained the profile of the scattering data shown
in Figure 4c. The first Bragg peak was observed at qm ) 0.0155
Å-1, and higher-order peaks up to the sixth order appeared at
wave numbers equal to an integral multiple of qm.

Phase Diagram of Blebbing. The variation of the manner
of the blebbing was examined. To investigate the effect of the
concentrations of STAC and palmitic acid, both Cs and Cp were
varied, while the volumes of the oil droplet and the aqueous
phase were 500 µL and 2000 µL, respectively. Here, we used
an aqueous droplet placed on an acrylic plate instead of a plane
aqueous phase in order to see the long-time behavior of oil
droplet motion. This is because an oil droplet tended to be
attracted to a meniscus in the case of a plane aqueous phase,
whereas an oil droplet tended to be repelled from the edge of
the aqueous droplet. Figure 5 and the Supporting Information
3–5 show the manner of droplet deformation. Blebbing was

Figure 2. Measurement setup (a); time trace of air-water interfacial
tension, γaw (b); and its temporal change (c). (a) An oil droplet was
placed on an aqueous phase at t ) 0. The oil droplet was pinned with
a plastic wire 20 mm from the center of a Petri dish, and the air-water
interfacial tension was measured at the center. (b) The concentrations
of the aqueous phase, Cs, were 0.2, 1.0, and 20.0 mM, as shown in the
plot. Open squares correspond to τ, when the oil droplet underwent
spreading. (c) The temporal change in γaw, dγaw/dt, is plotted with
respect to t/τ.

Figure 3. (a) Typical dependence of the induction time τ on various
areas of the aqueous surface Aaw. The error bar represents the standard
deviation of the measured data. Here the volume of the oil droplet was
100 µL and Cs ) 1 mM. τ was linearly dependent on Aaw. The dotted
line is the linear fitting of the experimental data. (b) Dependence of
the ratio of the induction time to the area of the aqueous surface τ/Aaw

on Cs. The data are obtained from the linear fitting of τ with Aaw from
at least 10 observations. The volume of the oil droplet was 100 µL. As
Cs increases, τ/Aaw becomes small.

Figure 4. (a) Polarization microscopic image of the aggregate
formation at the oil-water interface. Microscopic image of aggregate
formation at the oil-water interface. Center: Crossed Nicol image of
aggregate formation. Right: Schematic diagram of the situation in the
microscopic images. Scale bar corresponds to 200 µm. (b) Setup for
SAXS measurement. (c) SAXS profile of the aggregate. In this profile,
the first peak is at qm ) 0.0155 Å-1.
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0.2 mm
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Generation of aggregates



Aqueous phase：STAC＋PA 

Cs=50 mM, Cp=10 mM

There appears Coagel phase (Lc-phase) in aqueous phase.

0.2mm

Polarized microscopic image
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What is the aggregates?



Slow spherical protrusion ~10s 
Fast shrinkage ~1s 
No characteristic flow

5 mm
Pressure-induced interfacial motion

(speed x6)

oil droplet 
(500µl)

CS=10mM,　Cp=5mM

aqueous phase 
(2ml)
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Characteristic features of blebbing



Our first interpretation

92

Stacked Rubber-Band Model 
Assumption:  
Aggregates are 
• continuous (gel-like phase) 
• deformable 
• permeable

Pressure-induced interfacial motion



Theoretical consideration

93

Y. Sumino, HS et. al., Soft Matter, 2011

conditions can be realized, and aggregates are generated at the

oil–water interface. We previously reported the blebbing

behavior of an oil droplet at the interface in the above system and

proposed that blebbing is caused by the generation/breakage of

elastic aggregates.27 We recently confirmed that surfactant

aggregates were generated at the oil–water interface and these

aggregates had a lamellar structure with an interlayer distance of

typically 400 !A.28 Furthermore, other types of interfacial insta-

bility such as the Marangoni effect29,30 cannot cause blebbing.28

In fact, pushing the interface by convective roll requires a larger

speed of flow than that of interfacial motion. However, in the

scrutinized observation, the observed flow near an oil–water

interface is slower than the deformation of interface and just

follows the interfacial motion in a passive manner. Thus, we

conclude that the Marangoni effect, which often causes interfa-

cial instability, cannot be the main mechanism for blebbing. In

this article, we quantify the size of blebbing for oil droplets of

various sizes. We also experimentally demonstrate the sponta-

neous motion of an oil droplet induced by blebbing. We provide

a detailed discussion of the mechanism of blebbing based on

a linear stability analysis with a mathematical model that

incorporates the elasticity of the aggregate phase, which was

described partially in a previous paper.27 Our model successfully

reproduces the experimentally obtained relation between the size

of the bleb and the size of the oil droplet.

2 Experiment

STAC and palmitic acid were purchased from Tokyo Chemical

Industry Co., Ltd. Tetradecane was obtained from Wako Pure

Chemical Industries Ltd. Water was purified by a MILLIPORE

Milli-Q system. We confirmed previously that droplet deforma-

tion can be observed under various concentrations of STAC and

palmitic acid in an aqueous phase and an organic phase,

respectively.27,28 We used an aqueous solution in which the

concentration of STAC was 20 mM. The organic solution was

composed of tetradecane and palmitic acid. The concentration of

palmitic acid was 10 mM. An aqueous droplet was placed on an

acryl plate, and then an oil droplet with one fourth of the volume

of the aqueous droplet was placed on the aqueous surface. The

oil droplet tended to remain at the center of the aqueous droplet

in this setup, which allowed us to observe droplet behavior at the

same position. The deformation of these droplets was recorded

by a CCD camera at 30 frames per second while the system was

illuminated by visible light (Cold spot, PICL-NEXNIPPON P. I.

Co., Ltd). All measurements were carried out at room temper-

ature (!25 "C).

Spontaneous blebbing of the oil droplet is exemplified in Fig. 1

(a). In this setup, a 500 ml oil droplet was placed on a 2000 ml
aqueous droplet. After a short induction time,28 the edge of the

oil droplet showed continuous blebbing. Expansion of the

extrusion typically took about 10 s, whereas retreat took about

1 s. As schematically shown in Fig. 1 (b), blebbing appeared at

both the periphery and bottom of an oil droplet. In this paper, we

focus on blebs that appeared at the periphery of an oil droplet.

We conducted experiments to determine the relation between

the droplet size and the characteristic bleb size. An oil droplet of

10–500 ml was used as a sample. The observation was carried out

from 30 s to 81.2 s after the droplet was placed on the surface,

and snapshots were taken every 0.1 s. For each size of the

droplet, five independent measurements were carried out.

The following analysis was performed to determine the typical

size of interfacial blebbing from the obtained snapshots. The

method is schematically shown in Fig. 2. From a snapshot of the

droplet (Fig. 2 (a)), binary data (Fig. 2 (b)) were obtained, where

the black and white regions correspond to the outside and inside

of the droplet, respectively. Typical blebbing behavior is indi-

cated as Fig. 2 (c). If we set the center of mass of the white region

as the origin for polar coordinates, the position of the interface r

can be determined with respect to the angular coordinate q. qwas

discretized into 512 points qn ¼ 2pn/512 (0 # n # 511), and r(q)

was defined as the largest value of r for each angle qn. In each

experiment, the above procedure was performed for 512

sequential images that were taken every 0.1 s. Thus, two-

dimensional spatio-temporal data r(q,t) were obtained as shown

in Fig. 2 (d). The blebbing shown in Fig. 2 (c) appears as the

bright triangle in dashed box shown in Fig. 2 (d). By taking the

temporal difference in r(q,t), we obtained the interfacial velocity

v(q,t). A spatio-temporal diagram of v(q,t) is shown in Fig. 3 (a).

Here also the blebbing shown in Fig. 2 (c) appears as the red

triangle followed by the blue line in dashed box. To determine the

characteristic size of blebs, the auto-correlation function, c(q,t),

of v(q,t) was obtained as in Fig. 3 (b), where c(q,t)¼ hv(q0 + q,t0 +

t)v(q0,t0)i. Here hi represents average over arbitrary q0 and t0. A

strong peak appears at q ¼ 0 and t ¼ 0. Thus, the characteristic

size of blebs, qc, is defined as the smallest q that satisfies c(q,0) ¼
0 (Fig. 3 (c)).

By these procedures, we obtained qc for various V with five

independent sets of data. For each set, we also measured the

average apparent area S of droplets. From these data, we

obtained the thickness of the oil droplet e, and the average radius

of droplets r, from e ¼ V/S and r ¼
ffiffiffiffiffiffiffiffiffiffiffi
S=p:

p

Fig. 4 shows the obtained data. The dependence of qc on the

volume of the oil droplet V is shown in Fig. 4 (a). The results

show that qc gets smaller as V gets larger. By fitting the data for

V $ 30 ml, we obtained the relation between qc and V, as

qc ! V$0.26 % 0.01. The thickness of the droplet e and the average

radius of the droplet r are plotted in Fig. 4 (b). e was almost

constant as e ¼ e0 ¼ 1.44 % 0.01 mm, and r ! V0.494. The error of

Fig. 1 (a): Time-dependent dynamical blebbing phenomenon at

a droplet interface: a 500-ml oil droplet was placed on an aqueous surface.

At the interface indicated by the arrow, a bleb extended and retreated.

The number on each snapshot represents the time. The scale bar corre-

sponds to 10 mm. (b): Schematic representation of the three-dimensional

shape of a droplet. Blebbing appears on the surface of an oil droplet at

both its periphery and its bottom.

This journal is ª The Royal Society of Chemistry 2011 Soft Matter, 2011, 7, 3204–3212 | 3205
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10mm

sqq ¼ B
r" r

r
; (1)

where r is the length taken from the center of the curvature

radius, and B is the Young’s modulus of the aggregate phase. In

case where there is no bleb, r is the position of the aggregate in

a radial coordinate where the origin is set at the center of the oil

droplet, O (Fig. 7 (a)). Later in this discussion we consider

the case where there is a bleb. At this situation, r is the position of

the aggregate in a radial coordinate where the origin is set at the

center of curvature, O0 (Fig. 7 (a)). The naive interpretation of

eqn (1) is as follows. The natural length of the aggregate is

determined by the length when the aggregate is formed (2pr).
Since the aggregate at r is stretched to be 2pr, the strain in the

aggregate can be obtained as (2pr" 2pr)/2pr¼ (r" r)/r. Using

a stacked rubber band model,11,16 i. e. assuming a zero Poisson

ratio, we obtain eqn (1) for the tangential stress. From balance

equation of stress, in cylindrical coordinates

v

vr
ðrsrrÞ " sqq ¼ 0; (2)

and if we assume a boundary condition that the radial stress at

the water–aggregate interface srr|r ¼ r + h¼ 0, we can calculate the

radial stress at the oil–aggregate interface as:

s ¼
ðrþh

r

sqqdr ¼
Bh2

2r
; (3)

srrjr ¼ r ¼ " s
r
: (4)

The pressure just inside the oil–aggregate interface including

the Laplace pressure is described as:

p ¼ g

r
þ Bh2

2r2
þ p0; (5)

where p0 is the pressure in the aqueous phase and g is the effective

oil–aggregate–water interfacial tension. The growth of the

aggregate-phase thickness is represented by:

vh

vt
¼ k1 " k2 exp

"
bsqqjr ¼ r þ h

#
; (6)

where k1, k2 and b are positive constants that represent the rate of

generation of the aggregate phase on the oil droplet interface, the

Fig. 7 Geometrical configuration of the theoretical model. (a): Config-

uration of an oil droplet without deformation. (b): (left) Configuration of

an oil droplet with a bleb, (right) enlarged cross section of the bleb.

Detailed description of each notation is given in the main text.

Fig. 6 Analysis of the spontaneous fluctuation of translational motion.

(a): Temporal change in the velocity of the apparent center of mass of an

oil droplet. (b): Distribution of the instantaneous oil droplet velocity. (c):

Autocorrelation function of oil droplet velocity. Dashed line represents

fitted function, where the relaxation time was about 2.3 s. (d): Mean

square displacement of oil droplet motion. Dotted and dashed lines

represent &t2 and &t, respectively.

3208 | Soft Matter, 2011, 7, 3204–3212 This journal is ª The Royal Society of Chemistry 2011
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The gel is generated only at the droplet interface, and  the gel is pushed into the 
aqueous phase while it grows. 

The radial stress increases the internal pressure of an oil droplet and the tangential 
stress promotes the breakage of the gel.



micro-beam X-ray: 4.5 µm x 4.5 µm, λ=1.1Å

space distribution

Micro-beam SAXS measurement at BL-4A, Photon Factory, KEK

CS=50mM,　Cp=20mM
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Structure of the aggregates

Y. Sumino, HS, et al., Langmuir 2012
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Real space vs Reciprocal space



 

Periodic distribution of “blebbing regions” and “non-blebbing regions”.
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Blebbing & pillar formation
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Detailed structure of a pillar
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Structures of pillars



general, a lamella, a regular stacking of surfactant membranes, is
stabilized by the balance of repulsive and attractive interactions
between membranes. In cases involving an electrostatically
neutral surfactant, van der Waals attractive interaction, steric
repulsion due to thermal undulation of surfactant membrane,
and the repulsive interaction of the hydration layer near
surfactant head groups should be considered. van der Waals
interaction is inversely proportional to the sixth power of
intermembrane distance, which quickly decays as the
intermembrane distance increases. The thickness of the
hydration layer can range from the subnanometer scale to the
nanometer scale. Thus, for example, the mean repeat distance
of a lamellar structure composed of neutral lipids, such as
DPPC and DMPC, is about 6 nm because the thermal
fluctuation is not distinct due to the stiffness of the bilayers.
In cases involving an ionic surfactant, the electrostatic

interaction and the entropic force due to heterogeneous
distribution of ions play an important role. The counterions are
confined to the region near the charged surface of the
surfactant head groups and form electric double layers at the
interface between the surfactant membrane and the water
domain. In order to compensate for the entropic loss, the
intermembrane distance tends to increase. Of the above-
mentioned interactions, only repulsive interactions are
dominant when the intermembrane distance is above several
tens of nanometers. In such cases, the lamellar structure swells
to infinity and the ideal dilution law is satisfied.18,19 The
surfactant membranes distribute homogeneously and the repeat
distance is determined by the volume fraction of the surfactant
relative to the whole volume of a system. Additionally, the
regularity of the stacking of surfactant membranes is usually
unclear because of the large undulations in each membrane.
In our experimental system, the repeat distance of the

lamellar structure is greater than 30 nm, and the interlayer
distance is very regular inside a single domain. At the same
time, the lamellar structure is spatially heterogeneous; i.e., its
direction and the interlayer distance change from domain to
domain. This observation could not be understood in the
framework of thermodynamic equilibrium. Thus, the lamellar
structure of the surfactant in our system might be sustained
only in far-from-equilibrium conditions, even though the
lamellar structure of the surfactant itself is often seen in
thermal equilibrium condition in other systems.
Since the position of the aggregates changed due to

interfacial blebbing and the continuous formation of aggregates,
the damage to the sample caused by the microbeam X-ray
could not be confirmed experimentally. However, since the
position of the beam spot in the aggregates was not fixed in
time for the same reason given above, we assume that the
damage was negligible. In addition, since the sample was inside
the aqueous phase, the temperature could not increase
considerably. Thus, we believe that the sample was not severely
damaged by the microbeam X-ray.
Dependence of the Repeat Distance of the Lamellar

Structure on Concentration of STAC in Aqueous Phase.
To measure the dependence of the repeat distance of the
lamellar structure on the STAC concentration in the aqueous
phase, we varied the STAC concentration as 10, 20, and 60
mM. Pillars were confirmed in the case that the STAC
concentration was 10 and 20 mM, whereas they were not
observed when the STAC concentration was 60 mM. In the
case of 60 mM, the blebbing of interface was suppressed since
the aggregate covered the entire oil−water interface instead of

forming pillars of the aggregates. This could be attributed to the
excessive formation of the aggregates at the oil−water interface.
We also examined the scattering obtained from the aggregate.

The microbeam SAXS results are shown in Figure 5, in which

the two-dimensional (2-d) scattering intensity and the radial
plot obtained using the azimuthal average are depicted. The 2-d
scattering intensity shows that regular lamellae were formed in
all STAC concentrations. As observed in the experiment shown
in Figure 3a, the scattering pattern showed sharp Bragg peaks
with 2-fold symmetry indicating the lamellar structure. Notably,
even though the pillar structure was not formed in the case of
60 mM, the aggregate had the same polarized lamellar structure
as in the lower concentration case. The direction of the lamellae
was mainly parallel to the oil−water interface. The radial plots
show that a higher STAC concentration in the aqueous phase
leads to small repeat distance of the lamellar structure. We
believe that during this measurement the sample was not
damaged severely by the microbeam, for the reasons stated
previously in this paper.

Relation between the Interfacial Blebbing and the
Pillar Formation. First, we would like to mention the driving
force of pillar formation as well as blebbing. The system is in
far-from-equilibrium condition, as the concentration of palmitic
acid is not equilibrated between the organic and the aqueous
phases. This condition results in the transfer of palmitic acid to
the aqueous phase, leading to continuous generation of

Figure 5. Change in lamellar structure with respect to the
concentration of STAC in an aqueous phase. Concentration of
STAC in the aqueous phase was (a) 10, (b) 20, and (c) 60 mM. Data
were obtained 5400 s after the initial contact between organic and
aqueous phases. The peak-to-peak distance qc was (a) 0.119, (b) 0.144,
and (c) 0.236 nm−1, corresponding to interlayer distances (d) of (a)
52.8, (b) 43.6, and (c) 26.6 nm, respectively.

Langmuir Article

dx.doi.org/10.1021/la204323t | Langmuir 2012, 28, 3378−33843382

Data were obtained 5400 s after the initial contact between organic and aqueous phases. 

CS = 10 mM 

d = 52.8nm

CS = 20 mM 

d = 43.6nm

CS = 60 mM 

d = 26.6nm

99

STAC concentration difference



 

The aggregate layer is formed at the oil-water 
interface.

The aggregate layer is broken by the blebbing 
of the interface.

The layer is peeled off from the blebbing region 
and move to the non-blebbing region. The pillar 
grows downward by the continuous 
compression from the sides.

The blebbing region becomes flat due to the 
increase of interfacial tension.

100

Pillar formation process



Summary of SAXS studies
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A regular lamellar 
structure is formed at 
the moving interface. 
The construction and 
destruction of nano-
scale structures is a key 
factor for spontaneous 
motions.



Problems to be solved
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 The blebbing motion is suppressed when turbid aggregates (instead 
of semi-transparent aggregates) are formed. 

 The requirement of positive curvature of the oil-water interface to 
have pressure increment in the organic phase.

Detailed structure and temporal transition of surfactant aggregate 
formed at and around an oil-water interface.

 Effect of surfactant concentration on the blebbing motion.
 In-situ & mm-beam SANS experiments.



Lower surfactant concentration

103

Blebs extend to aqueous phase for 2 s and 
retread back within 0.5 s. This motion continues 
for more than 1 hour. After an hour, semi-
transparent aggregate was observed on the oil-
water interface.

CS=20 mM, Cp=20 mM

Y. Sumino, HS, et al., submitting.



Higher surfactant concentration
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CS=50 mM, Cp=20 mM

The oil-water interface showed blebbing for a 
few minutes and stopped.  Once the turbid 
aggregates appeared on the oil-water interface, 
the aggregates spread and covered the 
interface.



mm-beam SANS
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CG-2, HFIR, ORNL (US), beam size = 2 mmφ, λ = 0.6 nm

Quasi-static meas.　CS=20 mM, Cp=20 mM; 12 hours elapsed, sample (C14D30, C14H30), position dependence

Dynamics meas.　time dependence, sample(C14H30)	
CS=20 mM, Cp=20 mM(moving interface)	
CS=50 mM, Cp=20 mM(static interface)

water:D2O, oil:C14H30 or C14 D30

CS=20 mM or 50 mM	
Cp=20 mM



Time dependence
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10 min 20 min 30 min 40 min 50 min 60 min 120 min0 min

Direction of interface
CS= 20 mM: Blebbing interface (semi-transparent aggregates)

CS= 50 mM: Static interface (turbid aggregates)



Vertical vs Horizontal
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CS= 20 mM: Blebbing interface	
(semi-transparent aggregates)

CS= 50 mM: Static interface	
(turbid aggregates)



Position dependence of the semi-
transparent aggregates
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0.1

1

10

100

1000

I(Q
) (

cm
-1

)

60x10
-350403020100

q(1/Å)

0 mm

0.75 mm

1.25 mm

1.5 mm

3.0 mm

Fitting with paracrystalline model	
d ~ 80nm, ~ 40nm

The blebbing interface (Cs = 20 mmol/L) 12 hours after preparation



C14H30/D2O/STAC/PA
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CS=20 mM, Cp=20 mM; 12 hours elapsed

0 μm 1250 μm 2250 μm 2500 μm 3250 μm

0-20

90-20



0 μm 1250 μm 2250 μm 2500 μm 3250 μm

0-20

90-20

C14D30/D2O/STAC/PA
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CS=20 mM, Cp=20 mM; 12 hours elapsed



q  [Å-1]

I(q)

q  [Å-1]

I(q)

C14H30 vs C14D30
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Small difference of the profiles with C14H30 and with C14D30 
	 	 →tetradecane is not included in the lamellar region

C14D30 /D2O/STAC/PAC14H30/D2O/STAC/PA



Experimental results indicate...
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 Lower surfactant concentration: blebbing interface 
1) A lamellar structure parallel to the oil/water interface with large d (about 
80nm) is formed at the interface. 
2) The lamellar structure immediately collapsed into an isotropic lamellar 
structure with approximately half d (~ 40nm).
3) The spontaneous blebbing of the interface continues for several hours, 
and the shorter lamellar aggregates stack between blebbing regions and 
pillars are formed.

 Higher surfactant concentration: static interface
4) The blebbing motion continues only for minutes and the interface is 
covered with turbid gels.
5) The small repeat distance lamellar structure with small d (~ 25 - 40nm) is 
observed in the turbid gel region.

The formation of lamellar structure is not the sufficient 
factor for the blebbing motion. The drastic transition of 
lamellar structure from large d to small d is essential.



Aggregates near an interface

113



Lamellar-lamellar transition
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LA LB

stable at the interface  stable in the 
aqueous phase

d ~ 80 nm

d ~ 25-40 nm

transition

accumulation

semi-transparemt 
aggregate

LA: stable at small φSTAC/φPA	

LB: stable at large φSTAC/φPA	
The transition occurs when STAC molecules are supplied form the aqueous phase. 



Droplet case
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transition front becomes elastic ringoil droplet

LA
LB

LA LB



Flat interface case

116

organic phase
transition front becomes elastic ring

ring breaks

LA LB



Summary of SANS studies
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At lower surfactant concentration: blebbing motion of the oil/water 
interface occurs and the semi-transparent aggregates are formed.

At higher surfactant concentration: the turbid gel is formed around the 
interface and the blebbing motion stops immediately.

The lamellar repeat distance d of aggregates at a blebbing interface 
is larger (~80nm) than that apart from the interface (~40nm), which is 
close to that of the turbid gel covering the static interface.

The internal stress when the larger d lamellar structure shrinks into 
the smaller d could be the origin of the blebbing motion.



Summary
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- We constructed a non-biological system mimicking amoeba-like blebbing 
motion.   

- Theoretical model to explain the mechanism is introduced. 
- The long-period lamellar structure is formed at the moving interface and 

transform to the short-period lamellar structure. 
- The construction and destruction of nano-scale structures is a key factor for 

spontaneous motions.

10 µm

Melanoma cell fragment
Blebbing in cell Blebbing droplet

5 mm



まとめ
• Ｘ線・中性子小角散乱	

– Guinier近似やPorod近似など、基本的なモデルを用いた解析である程度のことは言
える。	

– 詳細な構造情報が必要であれば、形状因子と構造因子に分けて解析するのが基
本。	

– 形状因子をモデル化するのは比較的容易。単分散で希薄であれば、解ける場合が
多い。またSANSとSAXSの併用や、コントラスト変化（相対形状因子法を含む）、
ASAXS等を用いれば濃厚系でも解析可能性が上がる。	

– 構造因子を決めるためには相互作用を仮定する必要がある。その仮定が正しいか
どうかの判断が難しい上に、そもそも解けるモデルが多くはない。	

– 多成分系の構造を解くためには、コントラスト変調法は必須。	

– 構造に階層性があり、多成分系が多いソフトマターの秩序化研究には強力な武器
になる。また「生のまま」で測定できるのもメリット


