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1 Definition of the Topic

Small-angle scattering is a very powerful technique to probe structures of materials.
X-ray, neutron, and light scattering techniques present structural information of
materials in a wide range from nanometer to micrometer scale. Chemists, physicists,
and engineers have used these techniques to study structures of various systems from
hard to soft materials. In this topic, we focus upon soft materials such as polymers,
gels, colloids, etc. We present a review of their recent studies with small-angle X-ray
scattering (SAXS) and small-angle neutron scattering (SANS).
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2 Overview

In a typical experimental setup, synchrotron SAXS and SANS are capable of
probing structures of aggregates in the range of 1-100 nm. The use of ultra-small-
angle scattering techniques such as ultra-small-angle X-ray scattering (USAXS) and
ultra-small-angle neutron scattering (USANS) makes it possible to probe structures
of aggregates with larger size on a micrometer scale. Here we review some structural
studies on various soft materials, which form a hierarchical organization. Recent
development of synchrotron radiation source and neutron facility allows us to obtain
scattering data on various length scales. It is shown that combination of various
scattering methods provides us with information on hierarchical structures of soft
materials from a microscopic to macroscopic level. The structural analysis on each
level is also presented in the text. Furthermore, contrast variation and contrast-
matching SAXS and SANS methods are very effective for structural investigation
of multicomponent nanomaterials, e.g., these methods are very useful to probe
internal structures of complex systems such as polymer micelles, polymer—inorganic
nanocomposite gels, and rubber-filler systems swollen in an organic solvent.

3 Introduction

So far, many good books regarding experimental techniques and structural analysis
by small-angle scattering have been published [1-6]. General data treatments,
instrumentations, and data analysis by small-angle X-ray scattering (SAXS) are
abundantly described by famous books of Guinier and Fournet [1], Glatter and
Kratky [2], and Feigin and Svergun [3]. The book written by Higgins and Benoit
presents a comprehensive data analysis of small-angle neutron scattering (SANS) in
polymeric systems [4]. These books have provided many researchers with funda-
mentals of scattering techniques. Also, it is important to learn how their techniques
could be used in practice. Recent development of brilliant X-ray sources and neutron
facilities is striking, and there are progress and improvements in synchrotron X-ray
and neutron scattering instruments. Thus, in this book chapter we introduce updated
studies of soft materials with X-ray and neutron scattering. Recently, importance of
SANS and SAXS is increasing more and more in the field of soft material science.
As a matter of fact, in the past decade, there have been published a large number of
review articles regarding SANS and SAXS studies of various soft materials such as
copolymers, polymer blends, branched polymers [7], starch [8, 9], polyelectrolyte
systems [10], polymer latexes [11], polymer gels [12], protein and peptide self-
assembled materials [13], and three-dimensional periodic complex systems [14].
Though both SANS and SAXS have played an important role in probing struc-
tures of nanomaterials, each of the SAXS and SANS techniques has unique charac-
teristics. The X-ray scattering is caused mainly by interactions of the incident beam
with electrons, while the neutron scattering is done by those of the incident beam
with nucleus [3]. As a consequence, the X-ray scattering from atoms increases with
the increase of atomic number and has a scattering angle dependence, since
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Table 13.1 Scattering

Element | b for X-ray (10”2 cm) | b for neutron (10~"* cm)
length b of some elements

for X-ray and neutron H 0.282 —0.374

scattering [3, 15] D 0.282 0.667
C 1.69 0.665
N 1.97 0.94
0] 2.26 0.58
S 4.51 0.28
Na 3.10 0.36
Cl 4.79 0.96

distribution of electrons spreads around nuclei. The absorption of X-rays also
increases with the atomic number and the wavelength. On the other hand, neutron
scattering from atoms is independent of the scattering angle due to the fact that
dimensions of nucleus are much smaller in comparison with that of the neutron
wavelength and does not have a definite relationship with the atomic number. The
scattering length (or amplitude) b of main elements in soft materials for X-ray and
neutron scattering is listed in Table 13.1. Note that the scattering intensity is
proportional to the square of the scattering length. In neutron scattering, there are
large differences between scattering lengths of hydrogen (H) and deuterium (D).
Deuterium labeling is often utilized in neutron scattering experiments in order to
change the scattering contrast.

Characteristics of synchrotron SAXS and SANS are compared in the following.

Synchrotron X-Rays

(i) Heavier atoms have larger scattering length.

(ii) The beam size is usually very small due to high photon fluxes (typically
submillimeter), which enables us to obtain precise data with a very small
amount of samples.

(iii) Energetic and angular resolutions are high.

Neutrons
(i) Spatial information on light atoms such as hydrogen can be evaluated.

(i) Larger beam size in comparison with synchrotron X-rays is used (typically
5-10 mm).

(iii) Information on magnetic structures of condensed matter can be obtained from
the magnetic scattering.

(iv) Contrast variation and contrast-matching techniques are very effective to probe
the structure of complicated systems. Especially, in aqueous solutions and/or
hydrogels, we can easily change scattering contrast by preparing H,O/D,O
with different mixing ratios.

In the past two decades, high-performance materials have attracted material
scientist’s interest due to the potential applications in various fields. In many
cases, functionality of materials is closely related to the internal structure. With the
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high performance of materials, the system has grown more complex, and therefore, it
is important to clarify the structure of the complicated system in the modern material
science. We will show that combination of various scattering methods and contrast
variation methods are useful to analyze structures of the complicated systems.

This book chapter deals with structural studies of complex soft materials such as
polymeric systems, self-assembling systems, composite systems, etc. using X-ray
and neutron scattering. Constitution of this book chapter is as follows: Sect. 4 briefly
describes a fundamental of scattering methods. In Sects. 5.1 and 5.2, we briefly
present an overview of scattering behaviors of hierarchically organized structures on
each level. These are common to both of X-ray and neutron scattering. In Sect. 5.3,
recent structural studies of soft materials using contrast variation SAXS and SANS
are reviewed. Although the contrast variation method has been utilized from old
times, recently, it largely has displayed the power against structural analysis of
various complex materials. In Sects. 5.4 and 5.5, we introduce structural evolution
using time-resolved scattering measurements and complementary use of X-ray
scattering and neutron scattering. Complimentary use of neutron and X-ray scatter-
ing may be effective in the structural studies of various complex materials [16, 17].

4 Experimental and Instrumental Methodology

We show a schematic representation of typical small-angle scattering experiments in
Fig. 13.1. In the synchrotron small-angle X-ray and neutron scattering experiments,
the scattered intensity is usually measured with a two-dimensional detector such as
CCD, imaging plate, and PILATUS. Therefore, we can obtain information about
anisotropic structures of condensed matters [18-20], and the measurements are often
performed under external fields, e.g., mechanical, electric, and magnetic fields.

sample

I
| incident ray
E——

/ I &
L
two-dimensional detector W
scattering vector ¢

scattered ray
k

5

q= ki_ka- 2
T
k| = k] = =
sample lks! = Ikl A
lq| = 2lks|sin g = 2|k|sin 2= sin 2

X-ray or Neutron

Fig. 13.1 A schematic diagram of a typical synchrotron small-angle X-ray or neutron scattering
experiments and definition of scattering vector ¢
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When an incident ray is scattered by particles located at positions of O and K, the
path length difference between two scattered rays is presented by

ki ks
AK — OB = (yk.k,) — <rk -ks), (13.1)
and therefore, the phase difference ¢y is described by
27 k,’ — kS
G D A

where k; and k are wavevectors of incident ray and scattered ray and the magnitudes
are ki =k; =k = 27” The scattering data are analyzed with scattering vector ¢
defined by ¢ = k; — k. The magnitude of the scattering vector is expressed by

q= 4n%, (13.3)

where € and A represent the scattering angle and wavelength, respectively. The
amplitude of the scattered wave at point K can be described by

Ay = Agbe (@t — A pe—i@itreg) (13.4)

where A is the amplitude of the incident wave and b is the scattering length. We can
generalize Eq. (13.4) for the system composed of many identical scatterers, i.e., the
total contribution 4, is described as follows:

A= Agbe @) = Ageiry " peid, (13.5)
k k

Thus, the scattering amplitude F(q) is defined by

Flg) = be ™, (13.6)
3
and the scattering intensity is presented by

I(q) =F(q)-F(q)" (13.7)

When the scatterers are continuously distributed in a sample, F(g) can be replaced by
the following integral form:

Flg) = bjn(r)e*“"qdr (13.8)
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n(r) is the local density of the scatterer at a point r. The relationship between the
length scale of a structure in real space A and ¢ is presented in the following form:

2n
7

A= (13.9)

The data collection, data reduction, and data correction in SAXS experiments
were recently written in details by a review article of Pauw [21, 22]. In a similar
manner, reduction and correction of SANS data are conducted. Software tools for
small-angle scattering data analysis are also important [23-25]. A lot of software

packages to analyze small-angle scattering data can be found at the SAS portal
(URL: http://smallangle.org).

5 Key Research Findings

In the following sections, we will review recent structural studies of soft materials
investigated by combination of various scattering methods and by using a sophisti-
cated analysis such as contrast variation SANS and SAXS methods and will show
scattering functions from particles with various structural morphologies. Here
although we introduce structural studies on polymer—nanoparticle composite gel,
polymer micelles, and organogel comprising low molecular weight organogelator
(LMOG), the analysis can be applied to other similar systems.

5.1 Hierarchical Structures of Various Soft Materials

Recently, facilities of synchrotron radiation and neutron sources around the world
are remarkably developing. Combination of various scattering methods allows us to
obtain structural information in a broad ¢ range. Nowadays, simultaneous SAXS and
wide-angle X-ray scattering (WAXS) measurements can be performed in many
synchrotron beamlines over the world [26—30]. Ultra-small-angle X-ray scattering
(USAXS), ultra-small-angle neutron scattering (USANS), and very-small-angle
neutron scattering (VSANS) are used to extend scattering data in a very low
g range, i.e., structural information on larger length scales. Conventional
Bonse-Hart type of USAXS and USANS techniques had been limited to samples
with high contrast and resolved only in one dimension [31, 32]. Therefore, they were
not appropriate for measurements of anisotropic samples. However, development of
recent USAXS/USANS instruments such as developed Bonse—Hart configuration
using multiple reflection and a pinhole USAXS at very long camera length in
synchrotron sources facilitates utilization of various soft materials [33—40]. Such
instrumental improvement allows us to obtain two-dimensional scattering data and
to probe structures of samples with low scattering contrast [18, 36, 41, 42]. USAXS
studies in polymeric systems such as polymer gels, polymer solutions, polymer
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blends, polymer nanocomposites, colloidal gels, and rubber-filler systems can be
found in review articles of Zhang and Ilavsky and Takenaka [42, 43].

As mentioned above, combining various scattering techniques makes it possible
to obtain structural information of a broad length scale ranging from nanometers to
micrometers [43]. Combination of these methods is useful to investigate hierarchical
structures of soft matters on multilevels as shown in Fig. 13.2.

Here let us show a scattering profile combined by various scattering methods
for an organogel composed of a LMOG, which entraps various organic solvents
by self-assembly of the gelator molecules at very low concentrations [44, 45].
The self-assembly forms a fibrillar network, so that the solvents are immobilized.
The self-assembled structure of a typical organogel is shown in Fig. 13.3. The graph
depicts a scattering profile of 7 wt% 12-hydroxystearic acid (12-HSA)/toluene gel
obtained by combining various scattering methods such as SAXS, SANS, focusing
SANS [37, 38], and light scattering (LS). The profile shows that the structure caused
by self-assembly of the LMOG molecules forms a hierarchical organization at
various levels. The peaks at ¢ = 0.13 and 0.38 A~" correspond to (001) and (003)
peaks, respectively, which correspond to reflections from a long spacing of the long-
chain fatty acids. The peak position is located in the same position as that of
crystalline powder without any solvents [46, 47].

A shoulder peak at ¢ ~ 0.046 A~" originates from cross-sectional scattering of
fibrillar aggregates. The peak position suggests that the organogel is composed of
nanofibers with a cross section of the radius of 8 nm with a comparatively narrow
size distribution [48]. The scattering function from fibrillar aggregates (rod particles)
exhibits a power law of ¢! in a small ¢ range as shown in details later [2]. The
scattering behavior of the organogel has an exponent of —1.2 larger than the absolute
value of —1 in the small g range, which may suggest branching of fibrillar
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Fig. 13.3 A scattering profile of a low molecular weight organogel obtained by combining various
scattering methods (SAXS, SANS, focusing SANS, and LS)

aggregates. The power-law scattering behavior in the small g range suggests that the
network structure may exhibit a fractal nature [49, 50]. The schematic illustration of
the hierarchical structures predicted from various scattering data is shown in
Fig. 13.2. Various soft material systems other than LMOG also form hierarchical
organization. Hierarchical structures of rubber-filler (carbon black or silica particles)
systems were studied in depth by Takenaka et al. [43, 51-53]. They demonstrated by
using combined scattering methods that the structures consist of multilevel structures
such as (i) surface of primary particles, (ii) primary particles, (iii) aggregates
composed of several fused primary particles, and (iv) mass-fractal agglomerate
[51]. The combined scattering techniques are also effective for phase-separated
polymer blends [54], colloidal silica and carbon [55], polymer electrolyte mem-
branes [56], ceramics [57], spongelike polymer gels [58], clay suspension [59, 60],
and cellulose synthesized via enzymatic polymerization [61, 62].

5.2 Structural Analysis of Soft Materials

Analysis of scattering data obtained by combination of various scattering methods is
important. Here we shall show theoretical scattering function on each level and the
unified approach to small-angle scattering of the multilevel structures such as the
Beaucage model [63—-66], which has been often used for analysis of multilevel
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structures [67-69]. Scattering models for the multilevel structures other than the
Beaucage model have been proposed by some researchers [70, 71]. In the following
section, we shall briefly describe outline of these structural analyses.

5.2.1 Spherical Particles
The scattering intensity for spherical monodisperse particles can be written by

1(q) = npVpAp*P(9)S(q), (13.10)

where n, and sz represent the number density of the particles and the square of the
volume, respectively. Ap is the scattering length density. P(q) and S(q) are the form
factor of the particles and the structure factor. The former comes from the intra-
particle interferences, while the latter comes from the interparticle interferences.
In dilute systems the interactions between the particles can be ignored, and therefore,
S(q) approaches unity.

Series expansion of P(g) in a small g range (gR; <<1) leads to Guinier’s law,

P(q) = P(0)exp < ;R§q2>, (13.11)

where R, is the radius of gyration of a particle. Guinier’s law is applicable to
particulate systems with an arbitrary shape other than spherical particles. We can
estimate R, from the plot of In ({(g)) vs. ¢” for dilute systems. R, of objects with
various shapes is summarized in Table 13.2.

In the intermediate ¢ range, P(g) depends upon the size and the shape of the
particles. P(q) of spherical particles with radius R is presented by

_ 3{sin(gR) — gR cos (¢R)} ’

P(q) (13.12)
3
(4R)
Table 13.2 R, of objects with various geometrical shapes
i i 1/2
Sphere with radius R R, = (%) 12p
Spherical shell with radius R; > R, 3 RI-R3\ /2
Re= (5 RT—R")

Rectangular parallelepiped (sides 2a, 2b, 2¢)

Ellipsoid (half axis a, b, ¢)

Cylinder (half-length H, radius R) R _ (R_2 N H_7> 1/2
¢ =\2773
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Taking into consideration the size distribution of the radius, the scattering inten-
sity is expressed by

I(q) = J (8p)*V,>N(R)P(q)dR, (13.13)
0

where N(R) represents the distribution function of the radius, and the lognormal
distribution or the Gaussian distribution is often used.

N(R) = n, (ﬁ) exp [— %} (13.14)
or
 p2
N(R) = n, (ﬁ) exp l— %} (13.15)

Ro and o are the geometric mean and the geometric standard deviation of the
distribution, respectively.

5.2.2 Nonspherical Particles
For nonspherical monodisperse systems, the scattering intensity can be written by [72]

1(q) = npVAp*P(q)Sapp(q) (13.16)
with
_ [(F(a)))
Sapp(q) =1+ W[S(Q) —1]. (13.17)

Here the bracket in |(F(g))|* is an average weighed by the distribution of particle
sizes and orientations. S,,,(¢q) behaves as an apparent interparticle structure factor. In
dilute systems, since S(q) = 1, Sapp(q) = 1.

It is known that self-assembly of small molecules and macromolecules in soft
materials often forms fibrillar aggregates with various cross-sectional shapes. In the
following sections, form factors of fibrillar aggregates with various cross-sectional
shapes are briefly summarized.

Form Factor of Cylindrical Particles
Form factor P(g) of randomly oriented cylinders (rods) with radius R and length 2H,

/2 . )
B sin’(gH cos f8) | |J3(gR sin )
Pla) =4 J [ (gH cos,B)2 ] l (gR sinﬂ)2

] sin pdp, (13.18)
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where £ is the angle between the scattering vector ¢ and the axis of the cylinder, and
J1 is the Bessel function of the first order. When the length of the fibrillar aggregates
L is sufficiently long in comparison with the cross-sectional size, P(q) can be
approximated by [2, 3]

L
P(q) = ;ﬂlc(q). (13.19)

There is a relation of L = 2H. Here I.(g) represents the scattering intensity from
cross section of cylindrical rod particles. In a ¢ range much smaller than reciprocal of
cross-sectional size but much larger than that of cylindrical rod length, i.e., for 2/
L << g << 2z /R, I.(g) can be approximated by the Guinier type of representation,

1.(q) = A%exp ( f—q) , (13.20)

where R, and A4 are the radius of the gyration and the area of the cross section of rod
particles, respectively. Equation (13.20) is valid for cross section of arbitrary geo-
metric shape. We can estimate R, from slope in plot of In(Ig) vs. ¢* [73, 74]. For
circular cross section with monodisperse radius R, there is the following relation
between R and R,:

R.=—R. (13.21a)

For particles with disk shape

1 1
:—1‘1:—[,7
Vi V12

Figure 13.4a shows scattering functions (szP(q)) calculated without considering
cross-sectional size distribution at various R’s. The position of the oscillation in the
scattering functions shifts toward small ¢ with increasing cross-sectional size. The
scattering function in the small ¢ range shows a behavior of ¢!, indicating the
scattering from cylindrical rod particles. Equation (13.13) is applicable to cylindrical
particles as well as spherical particles. Figure 13.4b depicts the scattering function
with the Gaussian size distribution of R, where we put Ap® =1, n, =1 in
Egs. (13.13) and (13.15). The oscillation becomes ambiguous with increase of the
distribution of the cross-sectional size, i.e., with increase of 6. Thus, we can estimate
the cross-sectional size of rod particles and the size distribution from a peak position
and the broadness of a scattering profile [75].

Figure 13.5 presents scattering functions of cylindrical particles at various rod
lengths. In the case of long cylindrical rods (H >> R), the scattering functions in the
small ¢ range have the behavior of 7 o< ¢~ ' as shown above. In a ¢ range much
smaller than 2n/L, the scattering intensity becomes almost flat in the log—log plot.

R, (13.21b)
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Fig. 13.4 Calculated scattering functions of monodisperse cylindrical particles at various R’s (a)
and those of cylindrical particles with the Gaussian size distribution at various ¢’s (b)
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Fig. 13.5 Calculated scattering functions of randomly oriented cylindrical particles with circular
cross section at various lengths. The arrows in the figure represent the position of 2n/L

If R is much larger than H, i.e., cylindrical particles are regarded as disk particles
rather than rod particles, the scattering function shows a behavior of ¢ 2.

Here let us show scattering curves of fibrillar aggregates formed by self-assembly
of a low molecular weight organogelator in an organic solvent. Figure 13.6 shows
combined SANS and focusing SANS profiles of 12-HSA/deuterated toluene gel over
a wide temperature range from a gel state into a sol state [48].

The SANS data can be well described with the cylindrical form factor with the
lognormal distribution (Egs. (13.18) and (13.14)) over a broad g range. The fitted
analysis leads to Ry = 80 A and ¢ = 1.5, which hardly change by temperature and
concentration variations. The SANS result indicates that these gels form fibrillar
aggregates with almost the same thickness at various temperatures and concentrations.

Form Factor of Rod Particles with Rectangular Cross Section
When the cross section has a rectangular Shape of the lengths of the sides a and b,
1.(q) is presented by [76]

/2 2
_2 sin (gasin #/2)] [sin (gbcos$/2)]*
o J [ gasin /2 } { gbcos /2 ] dp- (13.22)
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Fig. 13.6 SANS profiles at various temperatures for (a) 7 wt % 12-HSA gel and (b) 3 wt %
12-HSA gel. The solid lines represent the fitted curves (Reproduced with permission from J Phys
Chem B [48]. Copyright (2012) American Chemical Society)
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Fig. 13.7 Scattering profiles calculated with scattering function from rectangular cross section
with ratio of ¢ = b/a

Figure 13.7 depicts theoretical curves calculated with the scattering function from
rectangular cross section at various ratios of # = b/a. The periodicity of the oscilla-
tion is modulated by variation of ¢.

Form Factor of Long Helices

Cross section of fibrillar aggregates has a variety of shapes such as hollow tube,
helical ribbon, and double tube superhelix other than circular and rectangular cross
sections [77-80]. The scattering function for infinitely long helices was derived by
Pringle and Schmidt, which covers single, double, and hollow helices [81]. This
model has been applied to various systems forming helical aggregates [79, 82,
83]. The scattering function can be described in the following form:

Sin?(nw/2)

s 8.(qR, )]’ (13.23a)

I(q) = q—L > tucos?(ng/2)
n=0

where

R
g,(qR,a) =2R7*(1 — az)_l Jr]n (qm /1— qﬁ)dr (13.23b)
aR
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b
4, =22 for gR > nb (13.23¢)
gR
q, =1 for gR < nb (13.23d)
27R
b= (13.23¢)
gg=1andeg, =2 forn>1. (13.23f)

Jn (x) is the Bessel function of the first kind and order of #n. L and P are the total
length of the helix with its outer radius R and its inner radius aR and the helix period,
respectively. The parameters ¢ and @ are the angle between the two sectors of a
double helix and the angular part of the sector of a material, respectively. Although
the summation in Eq. (13.23a) is described as infinite series, as a matter of fact, the
terms for n > gqR/b, i.e., n > Pq/2m, are zero.

The model can be extended to a helical tape consisted of N layers as shown by
Teixeira et al. [82]. For a single helical tape with N shells (in this case ¢ = 0), the
form factor of the helical tape can be expressed by

m >, Sin?(nw/2)

2
[(Q) = &n thell, n(Rnupm: P’ q) (1324)
qLCifshs'll n=0 (nw/z)z [ ]
with
N R
Gtett,n(Rns s o) = Y (= Pt % 2JrJn (ar/1=a2)ar (1325
m=1 0
and
N
Ch—shell = Z (ﬂm - ﬂmfl)Ri” (13.26)
m=1

where R, represents the radius of shell m with electron density p,,,.

Teixeira et al. tried to fit theoretical scattering functions from helical model and
from polydisperse cylindrical model to the scattering data from nanotube of hexa-
peri-hexabenzocoronene (HBC)-based molecules in THF. They showed that the
helical model with hexagonal structure factor is superior to the polydisperse cylin-
drical model in the fit of their SAXS data. The scattering curves from the helical
model represent the width of the oscillator and the depth of the minima of the data
very well as shown in Fig. 13.8.

Other than these models, recently, form factor of helical ribbons was derived by
Hamley [84].
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Fig. 13.8 Scattering curve of hexa-peri-hexabenzocoronene (HBC)/THF. Experimental curve
(black), helix form factor (red), hexagonal structure factor (right axis; dashed line) (Reproduced
with permission from J Appl Crystallogr [82]. Copyright (2010) International Union of
Crystallography)

5.2.3 Structures at High g

Scattering intensity at high g follows the Porod law, which describes the scattering
behavior from the interface of the particles [3, 4], and it comes from thermal
concentration fluctuations (TCFs) inside the phase in the case of phase-separated
systems:

(Ap)*2nS

1(q) = —a Itcr, (13.27)

where S is the total surface area of the particles. The scattering behavior from TCFs
can be described by the Ornstein—Zernike representation,
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where ) is a prefactor and ¢ is the correlation length of TCFs. In the case of polymer
blends or polymer solutions, the scattering intensity from TCFs obeys the scattering
function calculated on the basis of the random phase approximation [85, 86].

If the aggregates exhibit a crystalline nature, e.g., self-assembled aggregates of
some LMOGs form crystalline fibers [46, 47, 87, 88], then the Bragg peaks are
observed, e.g., long spacing of fatty acids with long alkyl chains is usually in the
range of 3—5 nm measurable in the SAXS experiments. Figure 13.9 depicts com-
parison of SAXS profiles between 12-HSA gels in various solvents and the powder.
As shown in the figure, the profiles of gels for various solvents have the Bragg peaks
corresponding to (001) and (003) reflections at the same positions as the powder
sample (without any solvents), indicating that molecular arrangement of the LMOG
in the gel is similar to that of the crystalline powder. Wide-angle X-ray scattering
(WAXS) profiles for the gel also have the Bragg peaks at the same positions as the
crystalline powder [88]. Other than the g-dependent coherent scattering part as
shown above, the SANS intensity contains a g-independent incoherent scattering
part. Usually it is treated as background scattering in the SANS measurements,
although the incoherent scattering contains important dynamical information regard-
ing molecular vibrations and the rotations in neutron spectroscopy such as inelastic
and quasi-elastic neutron scattering measurements [4, 89].

5.2.4 Unified Approach of Multilevel Structures
The Beaucage unified model [63—66] is used to analyze multilevel structures inves-
tigated by combined various small-angle scattering measurements [43, 51, 52, 69,
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Fig. 13.10 A SAXS profile of an inorganic titania-based gel fitted with the Beaucage model
(Reproduced with permission from J Phys Chem B [91]. Copyright (2010) American Chemical
Society)

90, 91]. The model describes a smooth transition between the Guinier regime and a
power-law regime such as the Porod regime. It can be extended to represent an
arbitrary number of structures at different size scales,

P;

3
n _2p2 _ ap2 £ (Rt
AT )
I(q) = Z Giexp (%) +Blexp< g(+l)> % 6!/2 ,

i=1 3 q

(13.29)

where G, Bj, Ry, and P; represent the Guinier prefactor, a prefactor specific to the
power-law scattering, the radius of gyration of the i-th level structure, and the
exponent of the power-law scattering, respectively. In Eq. (13.29), i = 1 refers to
the largest-size structural level. If the power-law scattering of the i-th level structure
obeys the Porod law, then P; = 4 and B; = 2n(Ap)>S. The Beaucage model was
recently compared with other models in depth by Hammouda [70, 71].

Pattier et al. investigated the structure of inorganic titania-based gels by
SAXS and analyzed the SAXS data with the Beaucage model [91]. Figure 13.10
shows the SAXS data of an inorganic titania-based gel and the curve fitted with
the Beaucage model. The Beaucage model well describes the multilevel structure
of the gel.
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53 Contrast-Matching and Contrast Variation Methods in SANS
and SAXS

Contrast-matching [92—-97] and contrast variation [16, 98—101] methods have so far
been widely used to study complex structures of multicomponent systems. These
methods are usually carried out by changing scattering length density of solvents. In
the case of SAXS, the contrast variation experiments have been performed by
changing the electron density of the solvent using substances inactive for latex
particles, proteins, or macromolecules [3, 11, 102—104]. Substances such as sucrose
and glycerol are often used as additives for the contrast variation. However, appli-
cation of this method can be implemented only in a limited range, since addition of a
substance for contrast variation may affect structures of the scattering objects.
Otherwise anomalous or resonant contrast variation method is effective [16,
105]. Generally, the scattering length of a substance is an energy-dependent complex
quantity and can be changed through variation of energies of incident X-ray near
absorption edge of elements. Application of anomalous SAXS contrast variation
method has been performed for various polymeric systems [64, 106—111]. The
details of the anomalous SAXS method will be described in details in Sect. 5.3.4.

In the SANS experiments, contrast variation or contrast-matching methods are
very effective to probe internal structures in multicomponent complex systems, since
neutron scattering length of deuterium is largely different from that of hydrogen as
mentioned in the Introduction. Therefore, hydrogen/deuterium replacement can
easily change SANS contrast almost without modification of their chemical proper-
ties. This SANS contrast variation method has been widely utilized in various soft
materials such as colloids, polymers, composites of polymer—inorganic substances,
and biological systems. In the following sections, we shall describe details of SANS
and SAXS contrast variation methods and the recent application.

5.3.1 Scattering Equation of Multicomponent Systems
The scattering intensity from the multicomponent systems with different (p + 1)
species (0 < i < p) can be described in the following form [4]:

1q) =" piSila) +2 7 pipSi(a) (13.30)

pi is the scattering length density for i-th component, and S;; is the partial structure
factor, which is defined by

Si(q) = JJ ni(r)n;(r'exp|—iq - (r' — r)|drdr’ (13.31)

where nr) is the local density of component 7 at a position . On the incompressible
assumption, Eq. (13.30) is reduced to the following form:

9) = (o= p0)Sila) +2) (0= o) (p; = po)Sii(a)-  (13.32)
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Thus, the scattering intensity of multicomponent systems is composed of both
self-terms and cross-terms of the partial structure factors. For the ternary system, the
scattering intensity can be expressed by

1(q) = (p1 — p0)*S11(q) + (P2 — Po) S22(q)
+2(p1 = o) (P2 — Po)S12(q) (13.33)

5.3.2 SANS Contrast-Matching and Contrast Variation Methods
In the small-angle scattering, the scattering length density is calculated from the
chemical composition of the particles or the molecules.

Zhi7 (13.34)

v

p:

where v and b; are the volume considered in the chemical composition and the
scattering length of the component 7, respectively. Using the values of the scattering
length shown in Table 13.1, it turns out that the neutron scattering length density of
H,0 (py,0 = —5.62 x 10° cm™?) is largely different from that of D20 (ppo =
6.40 x 10'° cm™?), while the X-ray scattering length of heavy water and light water
is 9.44 x 10" cm 2. Thus, in SANS measurements we can easily change the
scattering contrast of aqueous systems by adjusting mixing ratio between H,O and
Dzo.

First of all, let us consider a three-component system composed of an inorganic
nanoparticle, a polymer, and a solvent (water). Here if components 0, 1, and 2 denote
solvent, inorganic nanoparticle, and polymer, respectively, and the scattering con-
trast between the inorganic nanoparticle and the solvent is matched, i.e., p; = ps,
then Eq. (13.33) leads to

19) = (py — £5) *Sup(@)- (13.35)

Here subscripts i, p, and s denote inorganic nanoparticle, polymer, and solvent
species, respectively.

In order to determine the scattering length density of the inorganic nanoparticles,
the scattering intensity from the nanoparticles dispersed in H,O/D,O is measured.
Since the scattering intensity /(0) at ¢ = 0 is proportional to the square of the
scattering contrast as shown in Eq. (13.10), there is a linear relationship between

+/1(0) and Ap. Therefore, the matching point can be obtained from a plot of 1/1(0)
vs. ¢p as shown in Fig. 13.11 [10]. Or it can be obtained from a fit to the scattering
intensity with a quadratic function [95, 112]. In the case of SiO,, since psjo, = 3.59
x 10'° cm™2, the scattering length density of the silica particles is matched by ~ 40/
60 mixture of H,O/D,O [96]. If H/D exchange occurs on the inorganic
nanoparticles, the scattering length density varies with the fraction of D,O [113].
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Contrast-matching SANS presents information on the chain conformation in a
polymer nanocomposite [95]. However, if the inorganic nanoparticles are not homo-
geneous/inorganic, it is difficult to perfectly match the scattering contrast [95]. In a
similar manner, contrast matching of a polymer and a solvent is also possible [114].

In the case of contrast variation method, scattering experiments with different
scattering contrasts, e.g., changing ratio of H,O/D,0O in aqueous systems are
carried out.

Recently, Endo et al. developed SANS contrast variation method to evaluate
partial structure factors in multicomponent systems such as microemulsion systems
or block copolymer systems including inorganic materials [99, 100, 115]. Now,
assuming that scattering measurements with » different contrasts are conducted,
scattering intensity for each measurement can be expressed as follows:

I=M-S (13.36)

where I represents a vector of the scattering intensities at »n different scattering
contrasts, i.e.,

I= : (13.37)

and M is a matrix related to scattering contrasts composed of the following form for
ternary systems,
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'Api 2'8p'Bpy AP

M = : : : (13.38)
"Apt 2"Ap"Ap, "Ap;
with
IAp; =py —Ip, (13.39)
and
IApy, = py —'p (13.40)

where “p, is a scattering length density of the solvent in the j-th experiments

(] = la AR n)
S denotes a vector of partial structure factors

S11(q)
S=1 Si(q) (13.41)

S20(q)

Thus, the partial structure factors can be obtained using orthogonal matrix M" from
Eq. (13.36):

S=M"1 (13.42)

This sophisticated method has been applied to various soft materials such as
polymer—clay nanocomposite hydrogels [101, 116, 117], rubber-filler systems [52,
53], polymer—inorganic particles, and fuel cells [118].

5.3.3 Application in Contrast Variation SANS Method

Recently, a variety of polymer nanocomposite systems have attracted many
researchers from a viewpoint of potential application of materials in various fields.
Accordingly, numerous studies have been made on polymer—inorganic
nanocomposites [18, 52, 119], polymer—clay nanocomposite hydrogels [97, 119,
120], rubber-filler systems [18, 52, 121], and polymer—graphene composites
[121-123]. Composite of polymer and inorganic substances causes enhancement
of material properties such as thermal, mechanical, self-healing, and electrical
properties. Recent SAXS, SANS, USAXS, and USANS studies reveal that these
scattering methods are very useful to investigate structures of polymer
nanocomposite materials.

Here let us show a structural analysis of polymer—clay nanocomposite hydrogels
using the above contrast variation method. Haraguchi et al. developed polymer—clay
nanocomposite hydrogels with excellent properties such as high extensibility,
mechanical toughness, and self-healing by using in situ free radical polymerization
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of N-alkylacrylamide in the presence of inorganic clay [124—128]. More recently,
polymer—clay nanocomposite hydrogels with excellent mechanical properties were
fabricated by simple mixing of clay with a cationic dendrimer [129] and a commer-
cially available anionic polymer [130]. Since these materials are multicomponent,
contrast variation method is useful. Synthetic hectorite (Laponite from Rockwood
Ltd.) used as inorganic clay is a colloidal layered silicate made of the chemical
composition of Nag ¢6[Mgs.34L10.66518020(OH)4]. The clay particles have a disk-
shaped structure with a radius of 130-150 A and thickness of 10 A [59, 60,
130]. Figure 13.12 shows a SAXS profile for a 0.5 wt % Laponite aqueous solution.
The profile can be well described by the form factor of cylindrical particles
(Eq. 13.18) with radius of 130 A and thickness of 10 A with the Gaussian distribu-
tion (Eq. 13.15) in the radius (¢ = 30 A) [130].

The scattering contrast of the nanocomposite hydrogel in SANS can be easily
changed by variation of mixing ratios between light water and heavy water. Endo,
Shibayama, and Haraguchi et al. investigated structures of clay (Laponite)—poly(N-
isopropylacrylamide) (PNIPAM) nanocomposite hydrogels with the sophisticated
contrast variation SANS as shown in the previous section [101, 131]. They obtained
the partial structure factors Sc.(q), Scp(q), and S,,(g) from the scattering functions of
samples prepared at seven different H,O/D,O ratios (Fig. 13.13a). Here the subscript
¢ represents clay.

The scattering curves reconstructed from the partial structure factors obtained
thus are in good agreement with the original experimental SANS curves
(Fig. 13.13b).

Taking into consideration a layer of polymer chains adsorbed on clay particles as
shown in Fig. 13.14, they analyzed the partial structure factors obtained from the
contrast variation SANS.
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Fig. 13.13 (a) The partial structure factor obtained from Eq. (13.42); circle (S..), filled inverse
triangle (S.p), lozenge (S,p). (b) Comparison between reconstructed scattering curves (lozenge) and
experimental scattering curves (solid circle) (Reproduced with permission from Macromolecules
[131]. Copyright (2008) American Chemical Society)

Fig. 13.14 A schematic polymer layer
illustration of a model of
polymer layer adsorbed on \

clay particles

clay particle

As the clay is cylindrical disk-shaped particles, the scattering amplitude of clay
particles F is presented in the following form:

_, sin(gH cos p) Ji(¢R Sin p)
bl = 2= s 7 RS j (13.43)

p and J; are the same in Eq. (13.18).
The partial structure factor S..(g) is written as follows:

SCC(‘]) = ”CVzPC(Q)Sc,aPP(Q) (13.44)

P(q) and S.,.pp(q) are the form factor of clay particles and the apparent structure
factor, which are described by Eqgs. (13.18) and (13.17), respectively. The partial
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Fig. 13.15 Comparison between the partial structure factor S..(¢) and the fitted curve. The broken
and the dotted curves show the form factor and the apparent structure factor, respectively
(Reproduced with permission from Macromolecules [131]. Copyright (2008) American Chemical
Society)

structure factor of polymer S,,(g) is composed of two contributions from the
polymer adsorption layer and from the polymer network, which can be usually
represented by the Lorentz function such as Eq. (13.28).

Figure 13.15 shows the analytical result of S..(q) by Endo et al. The S..(q)
corresponds with the form factor of clay particles (broken curve) in high g range,
while it deviates downward in a small ¢ range due to effect of interparticle interfer-
ence, i.e., Sypp(q)-

The partial structure factor S..(¢) is similar to the overall SAXS profile of a
clay—anionic polymer nanocomposite hydrogel for an unstretched sample as shown
in Fig. 13.16 in spite of use of different polymer species, where the solid curve
represents the form factor of cylindrical disk particles. The SAXS intensity in the
small g range is also suppressed due to the interparticle interference in comparison
with the form factor. Since clay particles are constituted of heavy atoms relative to
polymers and water, the SAXS intensity of the polymer—clay nanocomposite hydro-
gel comes mainly from clay particles [130].

On the other hand, the cross-term S.,(¢) reflects the structure of the adsorption
layer. If there is no correlation between polymer and clay particles, i.e., no adsorption
layer, Sc,(q) becomes negative [99]. In fact, S¢,(g) is positive as shown in Fig. 13.13.
Thus, Endo et al. showed that the polymer chains are strongly adsorbed on the
surfaces of clay particles from the analysis of the partial structure factor Sc,(q) [131].

The sophisticated contrast variation SANS method is effective for other
multicomponent systems. Takenaka et al. carried out structural analysis by using
the contrast variation SANS method for swollen rubber—silica and rubber—carbon
black systems, considering a polymer layer adsorbed on the particles [52, 53]. They
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Fig. 13.16 SAXS profiles of a clay—anionic polymer nanocomposite hydrogel; lefi before
stretching, right after stretching. The solid line represents the form factor of the randomly oriented
disklike particles (R = 13 nm, 6 = 3 nm, and 2H = 1.0 nm) (Reproduced with permission from
Colloid Polym Sci [130]. Copyright (2013) Springer, Berlin/Heidelberg)

adopted the Beaucage model for analysis of partial structure factors obtained with
the contrast variation SANS and estimated structural parameters regarding interfacial
properties in the rubber-filler systems.

5.3.4 Contrast Variation in SAXS: Anomalous SAXS

When SAXS measurements were conducted near absorption edge of elements, the
scattering length f(E) becomes a complex quantity as shown in Fig. 13.17 [132,
133]:

fE) =fo+f(E) +if"(E), (13.45)

where f; is the nonresonant term which is proportional to the atomic number of the
element and the resonant terms f”(E) and f/”'(E) are the real and imaginary compo-
nents of the energy-dependent anomalous dispersion.

When anomalous SAXS measurements are performed, the scattering amplitude <
(¢, E) is composed of two parts as follows [134]:

F(q,E) = JApO(r)exp(—iqr)dr + JApR (r,E)exp(—igr)dr (13.46)

where Apg and Apy, are the electron density difference of the nonresonant and the
resonant scattering atoms.

In the past, anomalous SAXS has been mainly applied to hard materials such as
ceramics, metal catalyst, and metal alloys, which are composed of elements with a
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Fig. 13.17 Anomalous scattering factors of bromine (Reproduced with permission from J Phys
Chem B [132]. Copyright (2006) American Chemical Society)

high atomic number [135—-139]. This is because the absorption edge of the elements
with high atomic number could be easily reached in the energy range of synchrotron
X-rays. In the case of polymeric systems, the distribution and the number of
counterion around a polyelectrolyte and DNA can be probed by anomalous SAXS
[107, 109, 140]. Otherwise, absorption edge of K shell of bromine (Br) is often
utilized [106, 132, 141, 142]. As mentioned above, the scattering amplitude F(g, E)
consists of two contributions of the nonresonant and resonant terms (Fy(q) and

Fr(q, E)):
F(q,E) =Fo(q) + Fr(q,E). (13.47)

When the measurement is performed near the absorption edge of K shell of
Br, Fr(g, E) can be written as follows:

Fr(q.E) = [f's:(E) +if "5 (E)V(q). (13.48)

V(q) corresponds to the Fourier transform of the distribution function of Br, i.e.,
12(¢) corresponds to the form factor derived from the spatial distribution of Br.

Using Eq. (13.10), the anomalous scattering intensity I(g, E) is presented by
[106, 143]
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1(q) = npV3[F3(9) + 215, (EVFo(a)V(a) + {15, (E) + 75, (E) }V(9)|S(a)
(13.49)

since P(q, E) = F(q, E) F(q, E)*. In dilute systems, S(g) approaches 1 as mentioned
above. In practice /'*(¢) can be obtained from difference between different scattering
profiles measured at different energies [106]. The difference in the scattering inten-

sities at two different energies (£; and E;), Al};, is represented as follows:

Aly(¢,Ei Ej) = npV3[2{fp,.(Ei) — 5, (Ej) }Fo(q)V(q)

) £ (E) + 1 E) 15 E) b

assuming S(g) = 1. Thus, using the scattering intensity measured at three different
energies of X-rays (Ey, E,, E3), V*(g) can be obtained in the following form:

(13.51)

1 [/Allz(q, E\,Ey) Als(q, E1,E3) ]
K

VO KB S B T B (B

with

: , I"5(Ex) =5 (E2)  f"5(Ex) — "5, (Es)

K = [y (E2) = fp.(E3) + o ED) — () FE — F () (13.52)
Akiba et al. performed anomalous SAXS measurements at three different energies of
incident X-rays near the absorption edge of bromine (13.473 keV, 13.453 keV,
13.283 keV) in order to probe the internal structure of polymer micelles comprising
poly(4-bromostyrene)-block-poly(ethylene glycol)-block-poly(4-bromostyrene) in
an aqueous solution [106]. ¥*(g) obtained from the above analysis is shown in
Fig. 13.18. The solid curve in Fig. 13.18 represents the scattering function calculated
for a sphere with the radius of 10.2 nm, which is in good agreement with the data.
Thus, the anomalous SAXS analysis revealed that the core composed of poly
(4-bromostyrene) chains formed sphere with the radius of 10.2 nm.

5.4 Time-Resolved Scattering Measurements

Aggregated structures are developed via various processes such as liquid—liquid
phase separation, crystallization, gelation, and micellization. Investigation of the
kinetics is very important in order to understand the mechanism of their processes.
Time-resolved scattering measurements have been performed for investigation of
such kinetics. Especially, synchrotron SAXS technique is a very powerful tool to
pursue a fast process, since high brilliance of synchrotron radiation makes it possible
to obtain such precise data at a very short accumulation time [144, 145].
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Fig. 13.18 Resonant term V%(q) of poly(4-bromostyrene)-block-poly(ethylene glycol)-block-poly
(4-bromostyrene) micelles (Reproduced with permission from Macromolecules [106]. Copyright
(2012) American Chemical Society)

Time-resolved SANS measurements also may be useful in some cases [146—151],
although neutron sources are inherently weaker than synchrotron X-ray sources.
Sometimes repeating experiments are performed in order to overcome a poor
statistical accuracy, and the average scattering data are analyzed [149—-151]. How-
ever, recent development of neutron sources makes it possible to follow the kinetics
with a time resolution of subsecond [146, 152, 153]. Time-resolved synchrotron
SAXS/SANS measurements are performed with specific cells such as temperature-
jump or pressure-jump cells designed for synchrotron SAXS/SANS experiments
[154, 155]. In synchrotron SAXS experiments, it is necessary to operate the cell by
remote control outside a hutch.

Here we shall show a gelation process of a LMOG investigated by using time-
resolved synchrotron SAXS. Figure 13.19 shows time course of the scattering
profiles of a 12-HSA/xylene gel after quench from 55 °C (sol state) into 36 °C
[74]. After crystalline nucleation occurred, i.e., (001) reflection appeared at a high
g att = 31.9 s, the scattering intensity increased with keeping almost the same shape
in the double logarithmic plot (Fig. 13.19b). This result suggests that the crystalline
fibers grow with keeping the thickness constant.

Figure 13.19¢ shows a picture of a temperature-jump cell used in the time-resolved
synchrotron SAXS experiments. The 7-jump cell is composed of two heated blocks,
where we can separately control temperature. Instantaneous temperature jump can be
performed by moving the heated blocks up and down with a remote controller.
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Fig. 13.19 Time evolution of SAXS profiles for 12-HSA/xylene gel at 36 °C in the regime (a)
before crystalline nucleation and (b) after the nucleation (Reproduced with permission from Colloid
Polym Sci [74]. Copyright (2013) Springer, Berlin/Heidelberg) (c¢) Picture of a temperature-jump
cell designed for synchrotron small-angle X-ray scattering

Other than 7-jump and P-jump cells, various cells and apparatuses have been
designed for kinetic studies of fast processes [153, 156, 157]. The various cells for
studies on the dynamics of lipidic nanostructures have been summarized by a review
article of Yaghmur and Rappolt [157]. For crystalline polymers, polymer blends,
block copolymers, and polymer gels, time-resolved SAXS and SANS have been
used to pursue structural development during stretching and shear [19, 158—160].
In these studies, stress—strain curves and scattering data are simultaneously recorded.

Lund et al. designed a stopped-flow apparatus for rapid mixing and investigated
the micellization kinetics of both surfactant and block copolymer micelles [153].
Figure 13.20 depicts an experimental setup with the stopped-flow apparatus (a), the
time evolution of the SANS profiles after 1:1 mixing of 1.5 vol % micelle consisting
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Fig. 13.20 (a) Schematic diagram of experimental setup using a stopped-flow apparatus. (b) Time-
resolved SANS data after a rapid mixing of PEP1-PEO1 in 51 % dDMF/D,0 solution with pure
dDMF obtained using the apparatus. (¢) The time-resolved SAXS data (Reproduced with permis-
sion from ACS Macro Letters [153]. Copyright (2013) American Chemical Society)

of poly(ethylene-alt-propylene)—poly(ethylene oxide) (PEP1-PEO1) in 51 %
dDMEF/D,0 solution with pure dDMF (b), and the time evolution of the SAXS
profiles after mixing it (c) [153]. The acquisition time of the SANS measurements is
200 ms. The five repeating experiments were performed, and their data were
combined. On the other hand, the acquisition time of the SAXS measurements
was 5 ms with a readout time of 140 ms between two acquisitions. They observed
kinetics of the cylinder-to-sphere morphological transition for the block copolymer
micelle on the millisecond range using the time-resolved SAXS and SANS.

5.5 Complementary Utilization of SAXS and SANS

In some soft material systems, complementary use between SAXS and SANS is
effective to clarify the complex structures [161-168]. In Fig. 13.20, it is interesting
to notice that the shape of the SANS profiles and the SAXS profiles for PEP1-PEO1
micelle in dDMF/D,0 solution is largely different, reflecting a large difference in
both scattering contrasts [153]. All the SAXS intensities at various times have a
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Fig. 13.21 (a) SAXS profiles for 5 g/L asphaltene in H-toluene and SANS profiles for 5 g/L
asphaltene in p-toluene. (b) Contrast variation SANS for 50 g/L asphaltene in toluene at various h/d
ratios. These curves were fitted by two models of the core—shell cylinder model and the core—shell
sphere model (Reproduced with permission from J Phys Chem B [162]. Copyright (2011) American
Chemical Society)

distinct scattering peak at high ¢ range, while all the SANS intensities at various
times monotonically decrease with increasing g. This behavior is often seen for a
micelle in an aqueous solution [161]. In the SANS, the scattering length density of
the polymeric core makes a negative contribution, while in the SAXS it makes a
positive contribution. The SANS profiles show a behavior of I o ¢~ ' at the initial
stage in a small g range, while they show a plateau-like behavior at the late stage.
The former behavior indicates cylindrical-like behavior as shown in Fig. 13.4, while
the latter suggests the Guinier-like behavior in the g range smaller than 2m/R,.
Namely, these results show the cylinder-to-sphere morphological transition. On the
other hand, the SAXS data show better resolution in comparison with the SANS
data, although the time change in the intensity is much smaller, reflecting the small
scattering contrast. Lund et al. obtained structural parameters from the fitting
procedure to both SANS and SAXS data using a model of coexistence of sphere
and cylindrical core—shell [153].

Eyssautier and Barre et al. performed SAXS and SANS measurements for precise
structural analysis of nanoaggregates of asphaltene, which is high molecular sub-
stances in crude oil [162]. Figure 13.21 depicts (a) SAXS (5 g/L asphaltene in
H-toluene) and SANS (5 g/L asphaltene in p-toluene) profiles and (b) the contrast
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variation SANS (50 g/L asphaltene in toluene at various h/d ratios). Their fitting
analysis shows that both models of core—shell sphere and core—shell cylinder
describe their SAXS data well, i.e., it cannot be concluded from the fitting analysis
which structural model is better. However, the fitting analysis of the SANS data
reveals that the core—shell cylinder is the best model for asphaltene nanoaggregates.
Furthermore, the contrast variation SANS clearly demonstrated that the core—shell
cylinder model was superior to the core—shell sphere model.

Zemb and Diat pointed out importance of combined SAXS and SANS measure-
ments of the same sample containing surfactants, which allow decomposition into
form and structure factors [169]. Furthermore, they showed that combined SAXS
and SANS measurements are useful for direct determination of the adsorption
isotherm.

Complementary utilization of SAXS and SANS has been used in hard materials
such as metal alloys as well as soft materials. Ohnuma et al. determined the chemical
composition of the nanosized oxide in the steel matrix using the alloy contrast
variation (ACV) method [166]. In both SAXS and SANS experiments, the intensity
should be measured in absolute units. The chemical composition of the microstruc-
ture in the steel matrix is determined from the ratio of SAXS and SANS intensity
[166, 170].

Besides, combination of small-angle scattering and other techniques such as in
situ simultaneous SAXS and UV-vis, SAXS and Raman [171], simultaneous SAXS
and FTIR [172], simultaneous fitting of SAXS and WAXS data [173], and combined
SAXS/SANS with molecular dynamic simulations [174, 175] is also useful in
addition to conventional complementary use of scattering technique and microscopy
observation.

6 Conclusions and Future Perspective

In this chapter we have reviewed recent structural studies of soft materials such as
polymeric micelles, low molecular weight organogels, polymer—clay nanocomposite
gels, and so on. It has been shown that small-angle scattering methods such as
synchrotron SAXS, USAXS, SANS, and USANS are powerful to probe structures of
soft materials. Moreover, we have shown that combined scattering methods are very
effective to clarify hierarchical structures. The hierarchical organization is composed
of various structural levels, which depend upon the system, e.g., in the case of low
molecular weight organogels, (i) spherulites, (ii) network (or fractal) structure, (iii)
fibrous aggregates, (iv) cross-sectional structure of fibrous aggregates, and
(v) crystalline organization in fibrous aggregates. Accompanying high performance
of materials, their structures become more complicated. Therefore, it has been
emphasized that sophisticated structural analysis for complex systems is indispens-
able. In general, however, structural analysis in multicomponent systems, e.g., that
of three phases or more, becomes dramatically complex in comparison with
two-phase or one-phase systems. We have shown that contrast variation SANS
method using mixtures of hydrogenated and deuterated solvents with different ratios
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and anomalous SAXS near the absorption edge of an element are suitable for internal
structural studies of multicomponent systems. The scattering intensities measured
with different scattering contrasts can be decomposed into partial structure factor of
each component. The partial structure factors obtained thus presents important
information on the self-correlation between nanoparticles, that between polymers,
and the cross-correlation between nanoparticles and polymers.

In the future, importance of these combined methods and contrast variation
methods will increase more and more with the development of high-performance
materials. In practice the contrast variation SANS method introduced in this topic
has been recently used for structural analysis of various high-performance materials,
e.g., catalyst ink of fuel cell [118]. Anomalous SAXS may be useful for structural
studies of drug delivery systems (DDS), since polymeric micelles have potential as
drug carriers [176—178]. Recently, structures of polymer micelles that encapsulate
drug-equivalent substances containing bromine atoms have been investigated by
Sanada et al. [179]. Furthermore, anomalous X-ray scattering of light elements like
sulfur and phosphorus atoms may be promising as pointed out by Stuhrmann,
although the experiments are technically more difficult [105]. It may be useful
especially for biological systems such as nucleoproteins and membrane proteins.
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