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Chapter 1. General introduction
Softmatter or soft-material is a general term representing a series of ‘soft’ substances,
such as polymers, surfactants, proteins, colloids, and biological membranes [1]. These
substances often exhibit a number of spatially and temporally hierarchical properties [2].
The better understanding of these hierarchical properties is considered to be a key to
elucidation of the functional expression mechanisms in diverse soft-condensed and
molecular complex systems. In order to clarify these underlying mechanisms, it is no
doubt important to investigate not only the microscopic to mesoscopic (static) structure
of the complex systems but molecular and cooperative dynamics of both solute and
solvent in a combined and systematic manner, and further we need to explore more
extensively the interplay between them. However, how physical properties on the
microscopic to mesoscopic scales are connected to the macroscopic properties of the softmaterials have not yet been well understood.
On the one hand, the two areas, solution chemistry and colloid/soft matter physics,
have essentially different concepts on how solvent molecules are treated and which
temporal and spatial hierarchies are mainly focused on as a major interest. The former
especially focuses on fundamental aspects of liquid systems, including structure,
dynamics, and intermolecular forces, at the molecular or microscopic level [3–5]. In
contrast, the latter is an wide-spread academic area in which effects of the solvent (in
many cases, water) are often coarse-grained and the mesoscopic to macroscopic
properties of the complex systems, such as colloidal aspects, phase behavior, slow or
arrested dynamics, and so forth, are elaborately and selectively pursued [6–10].
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‘Mesoscopic’ may be defined as an intermediate between microscopic and macroscopic,
whose typical length scale is certainly greater than the size of atoms but considerably
smaller than the size of micron-sized systems. Therefore, it may be understood as the
length scale between the size of small (low-molecular-weight) molecules and that of
micron-meter sized, bulklike materials [11–15]. Such macroscopic structures are not
simply constructed by the microscopic atomic arrangement, but has an intermediate or
mesoscopic order. The self-organization or condensation of these mesoscopic structures
produces a larger macroscopic structure, leading to manifestation of the structural
hierarchy. In this study, I have particularly focused on the above-mentioned
interdisciplinary area when dealing with soft materials like polymers, surfactant selfassemblies, and bio-macromolecules, treating solvent molecules in an explicit manner. In
order to obtain deeper insights into the interplay of mesoscopic structural and dynamic
fluctuations and macroscopic properties in soft materials, I have carried out extensive
scattering and spectroscopic experiments on thermo-responsive polymer, dialkylchain
cationic surfactant, and globular protein, in aqueous media.

1.1. Polymers and gels
Polymers or macromolecules are defined as large molecules composed of covalently
bonded small molecular units. In liquid states (solution or polymer melt), single bonds in
polymers can freely rotate, polymer chains existing in the so-called random coil state [16].
Amphiphilic polymers comprising hydrophilic and hydrophobic groups can often provide
potential applications as stimuli-responsive materials because they are able to adapt to
external environment, such as a change in temperature and solvent composition [17–19].
In aqueous media, non-ionic polymers interact with solvent water via hydrogen bonding,
2

and at the same time, entropic driving forces lead to solvent-water mediated attractive
interactions between hydrophobic side-chain groups, which is generally called
hydrophobic interaction. Thereby, the formation of hydrogen bond between water and
hydrophilic polar moieties improves their solubility, but the hydrophobic non-polar
groups have a tendency to aggregate, lowering the solubility and causing phase separation
in an opposite manner [20].
Chemical gels are materials that contains a large amount of solvent in the network
structure formed by cross-linked polymers. This unique structure provide gel materials
an intermediate unique property between liquid and solid. Gels reflect and amplify the
nature of polymers. Gels can undergo the volume phase transition (VPT), where their
volume changes discontinuously at a certain temperature or solvent composition [21].
This phenomenon, which is mainly driven by changes of affinity of polymers for solvents
and osmotic pressure of gels, is to be universally observed in any kinds of gels [22]. The
VPT of gels is also triggered by electric field [23], inorganic salt [24], and visible light
[25], which are applied to cell culture substratum [26], actuator [27], and so forth. On the
other hand, knowledge about fundamental principles common to polymers, such as
critical phenomena [28] and diffusion kinetics [29], have been accumulated in abovementioned

applied

researches.

Poly(N-isopropylacrylamide)

(pNIPAm)

is

a

representative thermo-responsive polymer. pNIPAm-based gels were enthusiastically
investigated in the pioneering study on VPT of gels [22]. pNIPAm involves both
hydrophilic acrylamide groups and hydrophobic isopropyl groups in its side chain group.
Because of the consequent amphiphilic nature, pNIPAm exhibits a lower critical solution
temperature (LCST) of about 32°C in aqueous media [30]. Aqueous pNIPAm solution
segregates into polymer-rich and water-rich phases when temperature is raised, which,
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from the thermodynamic point of view, is mainly due to entropy-driven hydrophobic
interaction [30]. During the phase transition, the system exhibits spinodal decomposition
and the critical phenomena, in which the length scale and the magnitude of density
fluctuation arising from the swollen coil polymer simultaneously diverge [31]. At
spinodal temperature, pNIPAm chains undergo the coil-to-globule transition, the swollen
polymer chains being collapsed into the globular state [32–36].
Theoretical studies have suggested a couple of currently prevailing concepts to explain
on the coil-to-globule transition of aqueous amphiphilic polymer systems, such as the
solvent-fluctuation induced transition [37], cooperative hydration/dehydration [38], and
mean energetic state of aqueous solvent [39]. All these studies pointed out that the
importance of the role of solvent. Dehydration behavior of the polymer chains, which
may be closely related to the phase separation, was also investigated by spectroscopic
techniques [40–43]. However, no specific information has been obtained.
Despite long years of studies, fundamental understanding of the microscopic features
of pNIPAm chains and their changes during the coil-to-globule transition has not yet been
reached. Partial globule formation even in one phase region was vaguely suggested in the
cooperative hydration/dehydration picture [38]. However, this has not yet been
experimentally evidenced. Recent Raman multivariate curve resolution study revealed
that significant changes in the OH-band frequency range of the spectrum occur only above
the phase transition temperature, where the pNIPAm chains collapse [43]. This
unexpected observation appears to be inconsistent with the solvent-fluctuation induced
transition mechanism [37]. I have tackled these problems by combining scattering and
spectroscopic techniques and scrutinized the accurately measured experimental data in
the extended scattering-vector and frequency ranges, which has allowed us to monitor the
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change of the microscopic to mesoscopic (static) structure and the hydration state of the
polymer chains via the cooperative dynamics of solvent water. This way, I have been able
to draw a further microscopic picture of the critical fluctuation of pNIPAm in solution,
which was overlooked in the previous small angle neutron scattering studies [31, 44]

1.2. Bilayer membranes
Surfactant molecules assemble into a variety of structures self-organization structures
in aqueous media, such as micelles, liquid crystals, and vesicles, depending on
temperature, surfactant concentration, and other external conditions [7]. They have been
serve as functional materials and widely used in household, cosmetic, medical, and food
industries. Calculation of Gibbs free energy explains why they form self-assembled
structures and how the shape of these self-assemblies is determined [45]. The major
driving-force of the surfactant self-assembly formation is hydrophobic interaction,
namely a tendency for hydrophobic molecules to aggregate in aqueous media so as to
compensate larger entropic loss than enthalpic gain when hydrophobic molecules or
groups are dissolved into water.
The packing parameter (P) conveniently connects geometrical structure of surfactant
molecules to shape of their aggregates [46]. P is given by v/aSl, where v and l are volume
and length of hydrophobic groups and aS is cross sectional area of a surfactant molecule
at the hydrophilic/hydrophobic interface. Production of spherical, rod, and planer selfassembly structures is indicated by P = 1/3, 1/2, and 1, respectively. If this concept is
applied to surfactant/water system, an increase of P from 1/3 to 1 generally corresponds
to the production of micellar solution and cubic liquid crystalline phase (P = 1/3),
hexagonal liquid crystalline phase (P = 1/2), and lamellar liquid crystalline phase (P = 1).
5

This behavior can usually be interpreted as a decrease of the relative volume of the
hydrated hydrophilic head group against that of the hydrophobic tail due to a less amount
of water at higher surfactant concentration.
Dialkylchain surfactants, such as phospholipids and quaternary ammonium salts, can
form lamellar gels and bilayer vesicles [47]. This is because the P value becomes close
to unity even at low surfactant concentration owing to the fact that the volume of the
hydrocarbon in the hydrophobic part is nearly twice larger than that of usual micelleforming mono-alkylchain surfactants [7]. Note that strictly speaking, different from
lamellar liquid crystalline phase (LD) often observed in dense surfactant/water systems,

D-gel is not in a thermodynamically stable, single phase sate.
It was long believed that only phospholipids can produce multi-lamellar vesicles
(MLVs) until Kunitake showed in 1977 that a totally synthetic dialkyl dimethyl
ammonium bromide can produce multi-lamellar vesicles (MLVs) [48]. Therefore, the
vesicle formation cannot be attributed to specific structure of hydrophilic groups in
phospholipid molecules, but rather to a balance between bulkiness of double-chain
hydrophobic group and head group repulsion, realizing P = 1. A number of subsequent
researches reported pseudo-spontaneous vesicle formation in ionic [49, 50] and nonionic
[51] systems.
Dialkyl dimethyl ammonium (DDA) salt is widely used for household products [52, 53].
An inorganic salt like CaCl2 is used as a viscosity modifying agent of aqueous doublechain cationic surfactant-based materials. In water, DDA salt forms a lamellar gel (α-gel),
which involves partially frozen hydrocarbon chains as proved by the emergence of a sharp
reflection peak at about 15.2 nm-1. α-gels are usually stiff, showing no fluidity, but if a
small amount of salt is added, a stiff gel is almost immediately transformed into a highly
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fluidic milky dispersion. However, surprisingly, there have been virtually no report on
this issue. So I have investigated aqueous dispersions of dihardened tallow dimethyl
ammonium chloride (DTDAC; 2HT) in order to clarify the underlying mechanisms of
this intriguing phenomena, the salt-induced phase transition and the accompanying
drastic reduction of the dispersion viscosity. To shed light on the connection between
these macroscopic phenomena and the underlying microscopic-to-mesoscopic nature of
the systems, I have focused on the effects of CaCl2 concentration on the interactions
between the bilayer membranes formed by 2HT.
Understanding interactions between membranes is crucial to understand diverse
physical, chemical and biological phenomena. According to what Derjaguin-LandauVerwey-Overbeek (DLVO) theory predicted, fundamental interactions between
membranes are governed by a balance between attractive van der Waals and repulsive
electric double-layer forces [7, 54–56]. It is known that non-DLVO forces like Helfrich
undulation interaction and hydration force also give notable influence [7, 56-65]. By
means of simultaneous small- and wide-angle x-ray scattering, I have evaluated the extent
of the bilayer undulation fluctuation disorder as a function of CaCl2 concentration.
Buchner and co-workers showed multidimensional fluctuations of the counterions in
aqueous micellar solutions of sodium dodecyl sulfate [66] and alkyltrimethylammonium
salts.[67, 68] To monitor counterion fluctuations at the interface of the 2HT bilayer
membranes and the cooperative dynamics of solvent water, I have used dielectric
relaxation spectroscopy.

1.3. Proteins
Proteins form a specific three-dimensional (3D) structure determined by a one7

dimensional amino acid sequence. Individual proteins have their own specific biological
functions closely linked with their three-dimensional structure, For instance, proteins
serve as a transporter of molecules, an enzyme for catalyzing metabolic reactions,
building blocks of biological structure for cells and organisms, and an antibody for
immune response, in aqueous environment [47]. Therefore, understanding the static
structure including the protein 3D structure and protein-protein interactions in solution is
undoubtedly important not only for establishing efficient crystallization conditions of
protein crystals but understanding the mechanisms of protein condensation diseases like
sickle cell anemia [69] and cataract [70] at the molecular level.
Protein-protein interactions are biased by solvent conditions, sharply depending on the
type of co-existing salts, ionic strength, and pH. These factors may affect both the
effective charges of the protein and the screening effect of long-range electrostatic
repulsion between protein molecules. In previous works, protein molecules were often
regarded as monodisperse charged colloidal particles, which was broadly successful [71–
75].
However, when accounting for protein-protein interactions, we now need to recognize
that protein-protein interactions in solution is largely affected by complexity of the 3D
structure of protein molecules, e.g., irregular shape, distributed hydrophobic and
hydrophilic patches, and inhomogeneous charge distributions. These features distinguish
protein molecules from simple charged spherical colloidal particles. Indeed, conventional
interaction potential models for colloidal dispersions like hardsphere and screened
Coulomb potentials applied to experimental scattering intensities of protein solutions
sometimes failed to describe their complicated scattering curves [76–78]. This seems to
demonstrate that actual protein-protein interactions in solution is not isotropic.
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Bovine serum albumin (BSA) is the most abundant plasma protein in bovine’s blood
stream, which is a counterpart of human serum albumin (HSA). BSA has a heart-like
shape, whose architecture is predominately helical, consisting of three domains. A
primary function of BSA is adjustment of colloid osmotic pressure (COP) of blood [79],
in which a major part is undertaken by van't Hoff pressure. Thus preservation of the
number density of BSA in blood stream should be important. I infer that the structure of
the BSA molecule, including its shape, distributions of patches and surface charges, is
optimized so as to avoid self-aggregation and aggregation with other plasma proteins and
blood cells. An isoelectric point of BSA is known to be ca. 5.3, which means that BSA is
strongly negatively charged at physiological pH [80].
To understand the interplay between the macroscopic aspect of the BSA specific
function, preservation of van't Hoff pressure under physiological solution condition, and
mesoscopic BSA-BSA interactions, I have investigated spatial correlations of BSA
molecules in solution at different ionic strength and BSA concentrations. To overcome
the serious problems caused by the complex molecular structure and the expected,
resulting anisotropic nature of the BSA-BSA interactions, I have used a potential model
free route of the static structure analysis for interpretation of the experimental structure
factors.
Except effects of ionic strength and pH, solvent conditions play another important role
for the protein-protein interactions because a heterogeneous field formed by the protein
molecules should regulate the hydration state, which may be manifested by the slower
dynamics of the hydration water molecules, and may also affect diffusion kinetics of the
protein molecules. Counterion fluctuations around the protein molecules must also be
considered. Therefore, I have used dielectric relaxation spectroscopy to monitor the
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collective dynamics of solute and solvent molecules.
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Chapter 2. Theoretical background and experiments
2.1. Small angle x-ray scattering
Small angle scattering of x-rays (SAXS) is an eminent technique to investigate
microscopic structure of soft materials, such as colloidal particles, polymers, gels,
biomolecules, surfactant systems, and so forth. Scattering experiments allow us to access
whole size, shape, and internal structure of scattering objects and also provide information
about interparticle (or intermolecular) interactions.

2.1.1.

Scattering vector

Scattering experiments measure the scattering intensity as a function of the magnitude
of the scattering vector, q
 ݍൌ  ȁଵ  െ   ȁ ൌ 

ͶɎ
ߠ
 ൬ ൰ሺʹǤͳሻ
ߣ
ʹ

where θ is the total scattering angle, λ the wavelength of the x-rays, and k the wave vector
of the incident and scatted waves. Note that we assume an elastic scattering processes,
where the wave number of incident wave k0 and scattered wave k1 are preserved: k0 = k1
= 2π/λ. The situation is schematically shown in Figure 2.1.
According to the de Broglie relation, the wavelength is related to the momentum p via
the Planck constant h: λ = h/p. The relation between the wave number and the momentum
can be written as p = ħk with ħ = h/2π. Therefore, the scattering vector is often called the
momentum transfer. Essential advantage of choice for the scattering vector q as the
horizontal axis, instead of the total scattering angle or diffraction angle, when the
scattered intensity is plotted lies in the fact that the q-value does not depend on the
15

wavelength of the incident radiation used. The scattering vector is also utilized for
describing a phase difference of the scattered waves φ. According to Figure 2.1, a pathlength difference l of the scattered wave from an arbitrary reference point P1 and that
from a position P2 defined by a vector r in a scattering body is described as l = r∙s0 − r∙s1=
−r∙(s1 − s0), where s0 and s1 are unit vectors of k0 and k1, respectively. Note that the
incident waves are coherent and the detector plane is sufficiently long compared to the
size of scattering objects. The phase difference is given by the product of the path-length
difference and the wave number: φ = (2π/λ) × l. From a relation k = (2π/λ)s, we get: φ =
− q∙r.

Figure 2.1. Sketch of the scattering vector and a path-length difference between the scattered
wave from P1 and P2 at a given total scattering angle, T.㻌

2.1.2.

Interference of the scattered waves

The total scattering field E(q) expressed in a complex form is then calculated by
summing up all scattered waves over the whole volume of the system V:
ܧሺሻ ൌ න ߩሺ࢘ሻ݁െ݅ή࢘ ࢘ሺʹǤʹሻ


where ρ(r) is the electron density and dr is the volume element at a position r.
Mathematically speaking, the total scattering field is given by the Fourier transformation
of the electron density distribution in the system.
The electron density distribution can be expressed by the electron density fluctuation
16

Δρ(r) and its mean value ߩҧ :
ߩሺ࢘ሻ ൌ ߩҧ  ȟߩሺ࢘ሻሺʹǤ͵ሻ
The mean electron density is often well approximated as that of solvent at a dilute system.
The total scattering field is then rewritten as
ܧሺሻ ൌ න ߩҧ ݁െ݅ή࢘ ࢘  න ȟߩሺ࢘ሻ݁െ݅ή࢘ ࢘ሺʹǤͶሻ




where the linearity of the Fourier transformation is used. The first term in the right-hand
side contributes to the data at the zero scattering vector (q = 0) because the Fourier
transformation of a constant gives a delta function. This contribution itself has never been
observed by experiments due to elimination with a beam stop or hindrance of the primary
beam. Therefore, the total scattering field is represented by the Fourier transformation of
the electron density fluctuation
ܧሺሻ ൌ න ȟߩሺ࢘ሻ݁െ݅ή࢘ ࢘ሺʹǤͷሻ


Practically, an accessible quantity of the scattering experiment is only the scattering
intensity averaged over time and ensemble as:
ܫሺݍሻ ൌ ۃȁܧሺሻȁଶ ۄሺʹǤሻ
Let us consider a systems consisting of N individual particles. By introducing the field
Fk(q) scattered by the particle labeled by k as:
ܨ ሺሻ ൌ න ȟߩሺ࢘ ሻ݁െ݅ή࢘ ࢘ ሺʹǤሻ
ೖ

the scattering intensity is described as:
ே

ܫሺݍሻ ൌ ۃȁܨ ሺሻȁଶ  ۄൌ ܰۃȁܨሺሻȁଶ ۄሺʹǤͺሻ
ୀଵ

where the |F(q)|2 is the statistically averaged intensity of |Fk(q)|2. Note that any
translational or orientational symmetry, i.e., long-range order, does not exist in the system
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or their effects are incorporated into |F(q)|2. The amplitude of F(q) is given by:
ȁܨሺሻȁଶ ൌ ܨሺሻ ή  כ ܨሺሻ ൌ ඵ ȟߩሺ࢘ͳ ሻȟߩሺ࢘ʹ ሻ݁െήሺ࢘ͳ െ࢘ʹ ሻ ࢘ͳ ࢘ʹ ሺʹǤͻሻ


where V is the volume of the particle. By putting r2 – r1 = r, we have:
ȁܨሺሻȁଶ ൌ ඵ ȟߩሺ࢘ͳ ሻȟߩሺ࢘ͳ  ࢘ሻ݁ή࢘ ࢘ͳ ࢘ሺʹǤͳͲሻ


Note that r2 = r1 + r and dr2 corresponds to dr. We introduce the spatial auto-correlation
function γ(r), which is also called the convolution square Δߩଶ (r) in mathematics, as:
ߛሺ࢘ሻ  ؠȟߩଶ ሺ࢘ሻ ൌ න ȟߩሺ࢘ͳ ሻȟߩሺ࢘ͳ  ࢘ሻ ࢘ͳ ሺʹǤͳͳሻ


Substitution of equation (2.11) into equation (2.10) gives:
ȁܨሺሻȁଶ ൌ න ߛሺ࢘ሻ݁ή࢘ ࢘ሺʹǤͳʹሻ


This equation demonstrates that the intensity is given by the Fourier transformation of
the spatial auto-correlation function of the density fluctuation.
An orientational averaging process gives the real space functions only depending on the
distance in the radial direction r and the intensity as a function of the magnitude of the
scattering vector, i.e., the intensity distribution in azimuthal angles is not found. The
orientational average of the spatial auto-correlation function and the phase factor is given
by
ߛሺݎሻ ൌ ۃȟߩଶ ሺ࢘ሻ ۄൌ ۃන ȟߩሺ࢘ͳ ሻȟߩሺ࢘ͳ  ࢘ሻ ࢘ͳ  ۄሺʹǤͳ͵ሻ


and
݁ۃή࢘  ۄൌ

ሺݎݍሻ
ݎݍ

ሺʹǤͳͶሻ

By using equations (2.8), (2.10), (2.11), (2.12), (2.13), (2.14), the scattering intensity
from the particle is given by:
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ܫሺݍሻ ൌ ۃȁܨሺሻȁଶ  ۄൌ ۃන ȟߩଶ ሺ࢘ሻ݁ή࢘ ࢘ۄ

ஶ

ൌ Ͷߨ න ȟߩଶ ሺݎሻ

ஶ

ൌ Ͷߨ න ߛሺݎሻʹݎ

ஶ

ൌ Ͷߨ න ሺݎሻ

ሺݎݍሻ
ݎݍ

ሺݎݍሻ
ݎݍ

ሺݎݍሻ



ݎݍ

ݎ ʹݎ

ݎ

 ݎሺʹǤͳͷሻ

where p(r) = γ(r)r2 is the pair distance distribution function. Note that the variables are
converted to polar coordinates. Therefore, the scattering intensity from a particle, which
is often called the form factor P(q) in colloidal science, is given by the Fourier
transformation of the pair distance distribution function.

2.1.3.

Instruments for the measurement of small- and wide-angle x-ray scattering

I performed simultaneous small- and wide-angle x-ray scattering (SWAXS)
experiments on a variety of soft-matters, such as aqueous solutions of protein and thermoresponsive polymers, and aqueous dispersions of cationic surfactant, using a SAXSess
camera (Anton Paar, Austria). The experimental setup used in this study is shown in
Figure 2.2. A primary beam generated by a sealed tube anode x-ray generator (GE
Inspection Technologies, Germany, operated at 40 kV and 50 mA) is condensed by a
focusing multilayer optics, and a block collimator enables to shape the condensed primary
beam into a well-defined line shape (ca. 20 mm u 300 Pm), which provides an intense
monochromatic primary beam of Cu-KD radiation (0.1542 nm wavelength). Liquid
samples are filled into a vacuum tight quartz capillary cell (ca. 1 mm diameter) and set in
a temperature controlled sample holder unit TCS120 (Anton Paar, Austria). The sample
temperature was controlled with an accuracy of ±0.1 °C. Use of a semi-transparent beam
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stop allows us to measure the primary beam propagated through the samples at zero
scattering vector. Two-dimensional scattering intensity profile recorded by an imagingplate detector was read out by a Cyclone storage phosphor system (Perkin Elmer, USA).
The recorded two-dimensional intensity was integrated into a one-dimensional scattering
curve, I(q), as a function of the magnitude of the scattering vector
ݍൌ

ߠ
Ͷߨ
 ൬ ൰ሺʹǤͳሻ
ʹ
ߣ

where λ is the wavelength of x-rays and T is the total scattering angle. An accessible range
of the total scattering angle of the SAXSess camera is between 0.1 and 40 degrees,
corresponding to the q-range of 0.07–28 nm−1. All I(q) data were normalized to attain a
uniform primary intensity at q = 0 for transmission calibration. The background scattering
contributions caused by the quartz capillary cell and solvent were corrected. In this
procedure, both transmittance difference between solvent and solution and solute (or
solvent) concentration were taken into account. The background-corrected intensity was
further calibrated to an absolute intensity by referring to water intensity as a secondary
standard [1], for which the reference value of the forward scattering intensity of water,
0.01633 cm−1 (at 25°C), is used. Broadening (smearing) effects of the scattering curves
measured by a line collimation apparatus was corrected relying on the Lake algorithm [2].
In this ‘desmearing’ procedure, an ideal scattering intensity practically equivalent to that
measured by a point-collimation apparatus is iteratively calculated based on the following
relationship
ାஶ

ܫୗ ሺݍሻ ൌ  ඵ

ିஶ

ܹ௭ ሺݖሻܹ௬ ሺݕሻܫൣሺሺ ݍെ ݕሻଶ   ݖଶ ሻଵȀଶ ൧݀  ݖ݀ݕሺʹǤͳሻ

where IS(q), Wz(z), and Wy(y) are the smeared scattering intensity, the normalized length
and width profiles of the primary beam, respectively.
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Figure 2.2. Instruments for the measurement of small- and wide-angle x-ray scattering
intensities (SAXSess camera). XT represents x-ray tube; DS divergence slit; GM Göbel
mirror; BC block collimator; SH sample holder; BS semi-transparent beam stop; IP imaging
plate; EC evacuable chamber. In the upper panel, schematic drawing of the system is shown.
A recorded two dimensional scattering profile and a corresponding one dimensional scattering
curve are also displayed on the left side.

2.1.4.

Instruments for the measurement of small-angle x-ray scattering intensity

(point-collimation apparatus)

The scattering intensity obtained by a point collimation system was measured by a
pinhole camera, SmartLab (Rigaku, Japan). Figure 2.3 shows a picture of the SmartLab
apparatus. The accelerating voltage and the electric current at the target copper were 40
kV and 30 mA, respectively, providing the Cu-KD radiation. The point-like primary beam
having a size of ca. 50 Pm is produced by passing x-rays through pinholes. A
semiconductor detector is able to cover the total scattering angle from 0.25 to 3.5 degrees,
which gives the accessible q-range between 0.18 and 2.5 nm−1.
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Figure 2.3. A Picture of the point collimation system, SmartLab. XT represents x-ray tube; SH
sample holder; SD semiconductor detector, and EC evacuable chamber.㻌
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2.2. Dielectric relaxation spectroscopy
The dielectric relaxation spectroscopy (DRS) monitors the dielectric response of polar
liquids to an applied time-dependent electric field. Generally, the complex permittivity
spectrum is given by the Fourier Laplace transformation of the time correlation function
of the total dipole moment of the system. DRS allows us to access information on
rotational diffusion of solute molecules, counterion fluctuations, and hydration states.

2.2.1.

Time domain reflectometry

Dielectric properties of the sample from MHz to tens of GHz frequency was determined
by time domain reflectometry (TDR). The experimental setup is sketched in Figure 2.4.
The pulse generator and sampling head are equipped with four channel test set,
HP54121A (Hewlett-Packard). A step-like pulse produced by the pulse generator, Vi(t),
propagates through a coaxial line and is applied to the sample placed at the end of the line.
The reflected wave, Vr(t), is stored and displayed at the digital oscilloscope HP54120B
(Hewlett-Packard) after digitizing the data recorded by sampling head. The frequency

Figure 2.4. Block diagram of the time domain reflectometer. The applied and reflected signals
are represented by Vi(t) and Vr(t), respectively.
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domain spectra is obtained via the Laplace transformation of the time-dependent reflected
waveforms.
The total reflection coefficient of the sample cell, ρ(ω), is defined by using the Laplace
transformation of the incident, Vi(ω), and reflected, Vr(ω), waves [3]
ߩሺ߱ሻ ൌ

ܿ
ܸ୧ ሺ߱ሻ െ ܸ୰ ሺ߱ሻ
 ሺʹǤͳͺሻ
݃݀ ߱൫ܸ୧ ሺ߱ሻ  ܸ୰ ሺ߱ሻ൯

where ω, g, and d is the angular frequency, the relative feeding line impedance against
the impedance of the empty cell, and the electric cell length, respectively. Note that the
product of gd is the cell constant. The generalized complex permittivity, η(ω), is obtained
from the total reflection coefficient
ߟሺ߱ሻ ൌ ߩሺ߱ሻݔ ݔǢ  ݔൌ ሺ߱݀Ȁܿሻටߟሺ߱ሻሺʹǤͳͻሻ

It is difficult to determine the incident and reflected waves simultaneously. This problem
can be avoid by referring a standard sample of known permittivity, ηs(ω). Typically, air
can be an appropriate standard sample. The relative reflection coefficient, ρr(ω), is given
by
ߩ୰ ሺ߱ሻ ൌ

ܿ
ܸୱ ሺ߱ሻ െ ܸ୶ ሺ߱ሻ
 ሺʹǤʹͲሻ
݃݀ ߱൫ܸୱ ሺ߱ሻ  ܸ୶ ሺ߱ሻ൯

where Vs(ω) and Vx(ω) are the Laplace transformation of the reflected wave of the
reference standard sample and the unknown sample, respectively. The generalized
complex permittivity of the sample, ηx(ω), is obtained by the following equation
ߟ୶ ሺ߱ሻ ൌ

ሺߩ୰ ሺ߱ሻ  ߟୱ ሺ߱ሻΤ݂ୱ ሻ݂୶
 ሺʹǤʹͳሻ
ͳ െ ݃ଶ ሺ߱݀ Τܿሻଶ ߩଵ ሺߟୱ ሺ߱ሻΤ݂ୱ ሻ

with fs = xscot(xs) and fx = xxcot(xx).
The direct current (DC) conductivity of samples is evaluated from the amplitude of the
reflected wave. For conducting samples, the voltage amplitude of the reflected wave at
the long-time limit, Vx(∞), is reduced compared to that for the non-conducting standard
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sample, Vs(∞), (see Figure 2.5.). This effect can be eliminated by introducing a parameter
h = Vx(∞) / Vs(∞) and the value of the DC conductivity, κ, is evaluated by the following
relation
ߢൌ

ߝ ܿ ͳ െ ݄
ሺʹǤʹʹሻ
݃݀ ͳ  ݄

In this study, I employed the so-called time-window divided modified direct (TDMD)
method reported by Sato and Buchner [6], in which I used multiple time windows having
a relatively short time/div of a digitizing oscilloscope (HP54120B). For these individual
waveform measurements of the reflected pulse from the standard and unknown samples,
optimized different delay times were chosen. Then, these multiple planes were united into
one total waveform. This procedure can increase a time resolution of the time domain
measurements, simultaneously attaining the full length of time windows for the sufficient
low-frequency limit of the complex permittivity.

Figure 2.5. Schematic representation of the reflected waveforms from (black) standard
reference and (blue) non-conductive and (red) conductive sample.㻌

2.2.2.

Vector network analysis

The vector network analyzer (VNA) is able to characterize dielectric properties of
samples in a high frequency region (typically above 1 GHz) by accurately measuring the
amplitude and the phase in the frequency domain. Electrical behavior of the two-port
device including the device under tested is analyzed via the scattering parameter matrix,
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Ŝ,
ܵመ
ܾ
ቆ ଵ ቇ ൌ ቆ ଵଵ
ܵመଶଵ
ܾଶ

ܵመଵଶ ܽොଵ
ቇ ൬ ൰ሺʹǤʹ͵ሻ
ܵመଶଶ ܽොଶ

where aj and bj indicate incident and reflected waves at a port j, respectively. The Ŝjj
parameter corresponds to the reflection coefficient, which is required for the calculation
of the complex permittivity. From a practical point of view, the scattering parameter
measured by VNA, Ŝjjm, does not match the actual one, Ŝjja. The correction of the
systematic errors from directivity, êd, frequency response, êr, and source match, ês, was
made according to the relation [7]
ܵመ ൌ ݁Ƹௗ

݁Ƹ ܵመ
ͳ െ ݁Ƹ௦ ܵመ

ሺʹǤʹͶሻ

Therefore, the calibration with open, short, and load is needed. In the case of one-port
measurements characterized by an impedance step from Ẑ1 to Ẑ2, the Ŝ11 parameter can
be related to the normalized aperture impedance, Ŷ = Ẑ2 / Ẑ1, via
ܵመଵଵ ൌ

ͳ െ ܻ
ሺʹǤʹͷሻ
ͳ െ ܻ

Based on a simplified coaxial aperture opening model, the complex dielectric properties,
ߟƸ  , is calculated from the normalized aperture impedance by numerically solving the
following equation [7]
ܻ ൌ

ଶ
ସ

݇
ܫଷ ݇
ܫହ ݇
ܫ
ቈ݅ ቆܫଵ െ

െ
ڮቇ

ʹ
ʹͶ
ʹͲ
ߨ݇ ሺܦȀ݀ሻ
ଷ
ହ
݇
ܫସ ݇
ܫ

 ቆܫଶ ݇ െ

െ  ڮቇሺʹǤʹሻ

ͳʹͲ
ଶ
݅݇

where ݇ ൌ ߱ට݇ ߝ ߤ is the propagation constant of the sample, ݇ ൌ ߱ට݇ ߝ ߤ is
the propagation constant within the dielectric material of the coaxial probe head, and d
and D are the radii of the inner and outer conductor of the coaxial line, respectively. The
optimized probe constants, In, is implemented in the Agilent 85070C software package.
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Dielectric spectra in the frequency range between 0.2 and 50 GHz were determined with
a VNA E8364B (Agilent) equipped with a dielectric probe kit 85070E (Agilent). The
probe kit comprises two distinct probes, the high temperature cell (85070E-020) suitable
for the low frequency measurements (0.2 ≤ ν/GHz ≤ 20) and the performance cell
(85070E-050) for the high frequency measurements (1.0 ≤ ν/GHz ≤ 50). They are both
mounted in a thermostated cell and temperature was controlled ±0.03 °C. The equipment
was calibrated with air, mercury, and water. The experimental setup can be seen in Figure
2.6.

Figure 2.6. Instruments for the measurements of dielectric spectra using the vector network
analyzer E8364B combined with a dielectric probe kit 85070E-020 (high temperature cell) and
85070E-050 (performance cell).㻌

2.2.3.

Waveguide interferometry

Waveguide interferometers are used to determine the permittivity in the millimeter wave
frequency region. A picture of E-band interferometer installed at Regensburg University
is shown in Figure 2.7. A monochromatic wave of frequency is split into measuring and
reference paths. A wave passing through the sample cell and phase shifters interferes that
propagating a precision attenuator. A relative signal amplitude of the interference wave is
measured by the receiver. The interference curve, A(z − z0), is then determined by varying
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the relative probe position, z, from the adjusted interference minimum, z0, in the sample
path.
The attenuation coefficient, α, and wavelength, λm, of the sample can be obtained by
fitting the interference function to the experimental data [8]
ܣሺݖ െ ݖᇱ ሻ ൌ ܣ  ͳͲ  ቊͳ  ሾെʹߙሺݖ െ ݖᇱ ሻሿ
ʹߨ
െ ʹ  ቆ ሺݖ െ ݖᇱ ሻቇ ή ሾെʹߙሺݖ െ ݖᇱ ሻሿቋሺʹǤʹሻ
ߣ୫
where A0 is the relative intensity of the signal passing through the sample beam and p =
(20 loge dB/Np)−1 is the conversion factor. The permittivity of the sample is expressed by
these quantities
ߟᇱ ሺߥሻ ൌ ቈ൬

ଶ
ͳ ଶ
ߙ ଶ ܿ ଶ
൰

൬
൰
െ
ቀ
ቁ  ቀ ቁ ሺʹǤʹͺሻ
ߣ୴ୟୡ
ߣ୫
ʹߨ
ߥ
ୡ

ͳ

ߟ̶ሺߥሻ ൌ

ߙ ܿ ଶ
ቀ ቁ ሺʹǤʹͻሻ
ߨߣ୫ ߥ

with the limiting vacuum frequency, λcvac.

Figure 2.7. A waveguide interferometer measuring the permittivity at frequencies of the Eband. PLO phase locked oscillators; A variable precision attenuator; PS precision phase
shifter; SH sample holder; C converter; RE precision receiver.㻌
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2.2.4.

Data processing of dielectric spectra

A series of relaxation models based on a superposition of n-Havriliak–Negami equations,
or its simpler counterparts, such as Debye, Cole-Cole, and Davidson-Cole equations, are
thoroughly tested to give a quantitative and consistent description of the experimental
spectra [9],


οߝ

ߝ  כሺQሻ ൌ ߝஶ  

ሺʹǤ͵Ͳሻ
ఉೕ ఈೕ

ୀଵ ቂͳ  ൫ʹɎQ߬ ൯ ቃ

A jth dispersion step (j = 1, 2 . . . and n) is defined according to the magnitude of its
relaxation time, τj (τj > τj+1), where n is the number of separable dispersion steps, ε∞ is
the infinite frequency permittivity, and αj and βj are the shape parameters representing
asymmetric [10] and symmetric [11] broadening of the spectrum shape, respectively. The
experimental complex permittivity is simultaneously fitted by using the LevenbergMarquardt algorithm. Note that for the spectra obtained by the VNA measurement, DC
conductivity arising from ionic impurity of the sample is subtracted as an adjustable
parameter, while that is determined from waveform amplitude in the case of the TDR
measurement.
The problem of the fitting procedure is that plausible representation is not unique due to
broad shape of the spectrum. To find an appropriate model, following criteria should be
used. First, the reduced error function, χr2, should be small. This function is a measure of
the quality of the fit and is described as
ே

ே

ୀଵ

ୀଵ

ͳ
߯୰ଶ ൌ
 ߜߝ ᇱ ሺߥ ሻଶ   ߜߝ̶ሺߥ ሻଶ ൩ሺʹǤ͵ͳሻ
ʹܰ െ ݉ െ ͳ
where δεʹ and δεʺ are the residuals, N is the number of data set, and m is the number of
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adjustable parameters. Second, the number of relaxation modes should be reasonably
small. Third, the fitting model should be consistent at investigated concentration or
temperature, except for specific physical reasons. Fourth, the obtained fitting parameters
should be physically reasonable.

2.3. Auxiliary measurements
2.3.1.

Densimetry

Density measurements were carried out using a vibrating tube densimeter, DMA4500M
(Anton Paar, Austria). A U-shaped borosilicate glass tube filled with the sample is
vibrated at a characteristic frequency depending on the sample density. The instrument
measures the period of the vibration, τ, yielding density
߬ ଶ
ߩ ൌ  ܣ൬ ൰ ݂ଵ െ ݂ܤଶ ሺʹǤ͵ʹሻ
߬
where A and B are apparatus constants, τ0 is the period of a reference oscillator, and f1 and
f2 are factors correcting temperature, viscosity, and non-linearity effects. Before
measurements, a density check of air and water was performed. Temperature is controlled
within the accuracy of 0.01 °C and the precision of the density is 1 × 10−5 g/cm3.

2.3.2.

Viscometry

Shear viscosities in the shear rate range of 0.01–1000 s−1 were measured on an MCR92
rheometer (Anton Paar, Austria) equipped with a cone-plate measuring device.
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2.3.3.

Optical microscopy

Microscopy observations were performed with an inverted microscope Eclipse Ts2
(Nikon, Japan). A drop of the sample was placed onto a 1 mm thick microscope slide, and
the specimen was covered by a thin cover glass to prevent solvent from evaporating. Scale
bars are determined by referring length of the hemocytometer.
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Chapter 3.
Microglobule formation and a microscopic order parameter
monitoring the phase transition of aqueous poly(Nisopropylacrylamide) solution
The coil-to-globule transition of poly(N-isopropylacrylamide) (pNIPAm) in water is
generally believed to be driven by hydrophobic interaction between the isopropyl groups
of its side chains. However, it is still unclear how dehydration and critical fluctuations of
the polymer chains are correlated. Here, we use small- and wide-angle x-ray scattering
and dielectric relaxation spectroscopy to cover a wide range of the relevant length and
time scales, enabling us to grasp an overall picture of this phase transition. we find that
the hydration number of pNIPAm decreases only moderately with temperature up to about
6 K below its spinodal temperature TS, but then drops steeply on approaching TS. This
rapid dehydration is coupled to a mean-field-like power-law divergence of the correlation
length ξ, representing fluctuations of the density order parameter. Real-space decoding of
an observed interference peak reveals partial-globule formation even far below TS and
demonstrates that the polymer-rich phase above TS can be understood as a high-density
assembly of the microglobules. Strikingly, condensation of the microglobules and the
divergence of ξ do not run parallel. Instead, the microglobule-condensation occurs only
above TS and is completed about 6 K above TS. The local number density of the
microglobules, exhibiting a steplike increase just above TS, should be identified as an
additional microscopic order parameter governing the phase transition of pNIPAm.
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3.1. Introduction
Phase transitions and critical phenomena in polymer solutions have a host of
implications for the self-organization of amphiphilic molecules [1], the collapse of gel
networks [2,3], and protein folding [4]. Poly(N-isopropylacrylamide) (pNIPAm) is among
the most studied thermoresponsive polymers, undergoing a coil-to-globule transition in
water at a temperature of approximately 32–34 °C [5–12]. For several decades,
hydrophobic interaction has been considered to be the major cause for this collapse of the
hydrophobic polymer chain in water.
More detailed mechanisms have been discussed in the literature. ten Wolde and Chandler
claimed that solvent fluctuation induced dewetting is an underlying mechanism of the
coil-to-globule transition of an ideal hydrophobic polymer chain [13]. Tanaka et al.
proposed a cooperative-hydration picture, in which sequential hydrogen bond formation
along a pNIPAm chain, triggered by cooperative interactions between nearest neighbor
bound water molecules, explains its phase diagram [14,15]. Bischofberger et al. argued
that it is the mean energetic state of the aqueous medium that determines hydrophobic
hydration in aqueous pNIPAm [16].
Because of unfavorable x-ray scattering contrast, the static structure of pNIPAm was
mostly studied by small-angle neutron scattering (SANS) in D2O solvent. Shibayama et
al. [17] showed that SANS intensities of pNIPAm in D2O solvent recorded for q ≤ 2 nm−1
can be described by a single Ornstein-Zernike (OZ) equation, where q is the magnitude
of the scattering vector. Using SANS, Meier-Koll et al. [18] discussed values of the
critical exponents describing the critical fluctuation. The high-q deviation from the OZ
behavior in the SANS intensities of pNIPAm was tentatively attributed to domain
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formation. Although it was pointed out that the transition temperature of pNIPAm in D2O
is 1–2 °C higher than in H2O [19–21], possible deuterium isotope solvent effects on its
critical behavior remain rather ambiguous.
Hydration effects and dynamics of pNIPAm have been extensively studied by
spectroscopic techniques [22–32]. Dehydration behavior during the phase transition was
investigated by dielectric relaxation spectroscopy (DRS), although the number of
experimental data points are limited [24,28]. A recent Raman multivariate curve
resolution (Raman-MCR) study of Mochizuki and Ben-Amotz revealed that significant
changes in the OH-band frequency range of the spectrum occur only above the cloudpoint temperature, where the pNIPAm chains collapse [32]. This unexpected observation
appears to be inconsistent with the solvent-fluctuation induced transition mechanism.
Difficulty in reaching a general consensus regarding the counterintuitive phase behavior
of aqueous pNIPAm has mostly arisen from the lack of microscopic insights into the coil
and globule states. An electron paramagnetic resonance study on pNIPAm-based
hydrogels demonstrated the coexistence of hydrophilic and hydrophobic environments
over a wide temperature range and suggested that microphase separation takes place in
coexisting swollen and collapsed regions during the collapse process [25]. However, the
structural details and the role played by the swollen and collapsed domains in the phase
transition still remain unclear. Furthermore, although the cooperative-hydration picture
predicted partial globule formation even in the one-phase region [14,15], this has not yet
been experimentally evidenced. To overcome all these issues, we study the phase
transition of semidilute solutions of pNIPAm (MW 29 kDa) by means of simultaneous
small- and wide-angle x-ray scattering (SWAXS) and dielectric relaxation spectroscopy
(DRS).
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3.2. Experimental Methods
Poly(N-isopropylacrylamide) (pNIPAm) having a nominal molecular weight of 19–30
kDa was purchased from Aldrich and was used as received. pNIPAm solutions with
polymer weight fraction w = 0.13 were prepared by dissolving the polymer in Millipore
water (H2O) and deuterium oxide (D2O) (Wako, degree of deuteration >99.9%). Before
scattering and spectroscopic measurements, the solutions were kept at 5 °C for several
days for equilibration.
Small- and wide-angle x-ray scattering (SWAXS) experiments in a scattering vector
range of 0.07–28 nm−1 were carried out using a SAXSess camera (Anton Paar, Austria).
Sample temperature was controlled with an accuracy of ±0.1 °C. The obtained solution
data were corrected for background scattering from the capillary cell and the solvent. To
obtain scattering intensities equivalent to those measured by means of an ideal point
collimation apparatus, a model independent collimation-correction procedure relying on
the Lake algorithm [33] was performed. The measured scattering intensities were
converted to absolute values by normalizing to the forward intensity determined for water
[34]. As the pNIPAm in the H2O sample exhibited phase separation above 34 °C, the rotor
cell setup was used to prevent precipitation.
Spectra of the complex permittivity εѽ(ν) of aqueous pNIPAm solutions at identical w
were determined in the frequency range between 0.2 and 89 GHz using a vector network
analyzer (VNA) (Agilent, E8364B) with open-ended coaxial-line probes (Agilent,
85070E-020/-050) and A- and E-band waveguide interferometers (Regensburg) [35]. The
VNA instrument was calibrated with air, mercury, and water. Uncertainty of temperature
control was ±0.03 °C.

35

3.3. Results and Discussion
3.3.1.

Static structure

Figures 3. 1(a) and 1(b) show SWAXS intensities I(q) of pNIPAm in H2O and D2O
respectively as a function of temperature T. For the full description of I(q), a sum of
several scattering components is necessary (see Figures 3.2 and 3.3). At low T, the lowestq portion of I(q) can be entirely described by the Ornstein-Zernike (OZ) equation,
ܫ ሺݍሻ ൌ

ܫ ሺͲሻ
ሺ͵Ǥͳሻ
ͳ  ߦ ଶݍଶ

where ξ is the correlation length and IOZ(0) is the forward intensity extrapolated to zero
scattering vector. The OZ-type contribution reflects the fractal nature of the swollen coil
polymer network [36]. With increasing T, the forward intensity increases, whereas
simultaneously the shoulder exhibits a significant low-q shift. Additionally, an excess
contribution grows in at q < 0.2 nm−1 and becomes pronounced at T > 32 °C. This
component can be formally described by the Guinier equation [37],
ଶ

൫ܴ ݍ൯
൩ሺ͵Ǥʹሻ
ܫୋ ሺݍሻ ൌ ܫୋ ሺͲሻ  െ
͵
where IG(0) and Rg denote the asymptotic Guinier forward intensity and the radius of
gyration, respectively. The emergence of this Guinier-type excess forward scattering even
at T < TS appears to indicate that already in the one phase region pNIPAm chains are in
an aggregation regime [38].
At all temperatures, two broad interference peaks in the small, respectively wide, angle
regime, hereafter called low-q (L) and high-q (H) peaks, can clearly be seen. These
contributions, which were outside the reach of previous SANS studies [17,18], are
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modeled by Lorentzian parts of the pseudo-Voigt equations [39],
ܫೣ ሺݍሻ ൌ

ܫೣ ሺݍ௫ כሻ
ͳ  ߦ௫ כଶ ሺ ݍെ ݍ௫ כሻଶ

ሺ͵Ǥ͵ሻ

for x = L and H, where qxѽ denotes the peak position and IVx (qxѽ) is the maximum intensity
at q = qxѽ; the sharpness parameter ξxѽ is related to the full width at half maximum
(FWHM). The position of the high-q peak, qHѽ ≈ 15–16 nm−1, remains practically
unchanged on variation of T. Judging from the corresponding length scale (< 0.5 nm),
this contribution originates from intrachain radial distributions, i.e., the distance
distributions between atoms composing the polymer chains. On the other hand, the
emergence of the low-q peak, centered at approximately 3–6 nm−1 sharply depending on
T, manifests the presence of an intermediate-range order, whose length scale is far larger
than that of the radial distributions but somewhat smaller than or rather similar to that of
the density fluctuations of the swollen polymer network. Note that conventional water
soluble random coil polymers, like dextran, often exhibit rod scattering in the similar q
range but does not show such an interference peak. Therefore, the temperature
dependence of this peak deserves to be scrutinized as it should be the key to a better
understanding of the phase behavior of pNIPAm.
Above TS, IOZ(0) abruptly reduces whereas the forward intensity approaches the Porod
scattering limit [37],
 ܫሺݍሻ ൌ ି ݍ ܭସ ሺ͵ǤͶሻ
where KP is the Porod intensity. This indicates the collapse of the swollen polymer
network and the formation of a sharp interface between polymer-rich and water-rich
phases. We find a higher value for KP in D2O than in H2O, which is indicative of a greater
surface area per unit volume in D2O.
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Figure 3.1. Absolute SWAXS intensities I(q) of w = 0.13 pNIPAm weight fraction in
(a) H2O and (b) D2O as a function of T in 5 ≤ T/°C ≤ 50.㻌
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3.3.2.

Critical behavior

Figure 3.4 shows ξ and IOZ(0) of the OZ contribution as a function of T. For semidilute
solutions, ξ should be interpreted as the mesh or blob size of the interpenetrating chains
[36] whereas IOZ(0) is related to the magnitude of the density fluctuation, being
proportional to the osmotic compressibility [40]. We observe simultaneous divergence of
ξ and IOZ(0) at the spinodal temperature TS. Below TS, these quantities are described by
ߦሺܶሻ ൌ ߦ ȁሺܶ െ ܶୗ ሻȀܶୗ ȁିఔ ሺ͵Ǥͷሻ
and
ܫ ሺͲǡ ܶሻ ൌ ܫ ȁሺܶ െ ܶୗ ሻȀܶୗ ȁିఊ ሺ͵Ǥሻ
where ξ0 and I0 are the bare correlation length and forward intensity, respectively, which
are treated as T-independent constants. We obtain TS = 34.0 °C in H2O while TS = 34.8 °C
in D2O. This confirms that substitution of D2O for H2O as solvent leads to an increase of
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TS by about 1 K, consistent with the results of previous measurements of macroscopic
properties [19–21]. The evaluated critical exponents are ν = 0.45 and γ = 0.80 in H2O and
ν = 0.44 and γ = 0.80 in D2O. Within experimental uncertainty, the values of ν and γ are
independent of the solvent conditions and systematically smaller than those predicted by
mean-field theory (ν = 0.5 and γ = 1.0). The present critical exponents are in excellent
agreement with those reported in the previous SANS study (ν = 0.44 and γ = 0.81 in D2O)
[18] despite the necessarily different choice of the fit model for the present I(q) because
of the extended q range.
(a)㻌

(b)㻌

Figure 3.4. Temperature dependence of (a) the correlation length ξ and (b) the
asymptotic OZ forward intensity IOZ(0) of semidilute pNIPAm solutions in H2O (blue)
and D2O (red). Solid lines represent the power-law fits [equations (3.5) and (3.6)] and
vertical dashed lines highlight TS; open circles indicate the data for temperatures above

3.3.3.

Cooperative dynamics

The hydration state of the pNIPAm chains in H2O is monitored by DRS. Figure 3.5
shows a temperature series of the complex permittivity spectra, εѽ(ν) = ε′(ν) − iε″(ν), of
aqueous pNIPAm, where ε′(ν) and ε″(ν) are the relative permittivity and dielectric loss,
respectively. In the covered frequency range (0.2–89 GHz), the dielectric spectrum of
neat water is almost perfectly described by a single Debye-type relaxation function [41].
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We find that well below TS, the addition of pNIPAm induces a marked low-frequency
broadening of ε″(ν). With increasing T, the spectrum gets narrower. This effect becomes
marked especially at T > TS − 6 K.
We find that among the tested models, a superposition of two Debye relaxation functions,
ߝ  כሺQሻ ൌ

οߝଵ
οߝଶ

 ߝஶ ሺ͵Ǥሻ
ͳ  ʹɎQ߬ଵ ͳ  ʹɎQ߬ଶ

gives a consistent description of the experimental spectra at all investigated T. Here, the
subscripts j = 1 and 2 designate the low- and high-frequency relaxations respectively,
which are characterized by their relaxation times τj (τ1 > τ2 ) and amplitudes Δεj (see Figure
3.6). The loss peak frequency (and thus relaxation time τ2) of the high-frequency mode is
found to be almost identical to that of pure water at all investigated T. Thus, this process
is attributed to the cooperative rearrangement of the hydrogen-bond network of bulk
water [41]. Its relaxation amplitude Δε2 reflects the concentration of water molecules
behaving as bulk like water in solution. On the other hand, the additional low-frequency
mode (j = 1) reflects the retarded (slow) dynamics of H2O molecules in the hydration
layer. Here, a contribution from dipolar pNIPAm side chains is possible but—as discussed
below—apparently not significant. Segmental motions of the polymer and a possible
Maxwell-Wagner-Sillars contribution of the collapsed polymer chain can also be
neglected as these relaxations are in the megahertz region [29].
Below 28 °C, Δε1 shows a moderate decrease with T while Δε2 remains nearly constant.
However, increasing T above 28 °C leads to a pronounced decrease of Δε1 and a
corresponding increase of Δε2. Such behavior implies that on approaching TS, water
molecules are released from the pNIPAm chains.

41

Figure 3.5. Relative permittivity ε′(ν) and dielectric loss ε″(ν) spectra of pNIPAm (w
= 0.13) in H2O at 5°C, 15 °C, 25 °C, 28 °C, 30 °C, and 32 °C. The red lines are the
sum of two Debye relaxation functions [equation (3.7)]. The shaded areas represent
the contributions of the resolved modes (j = 1 and 2). The vertical dashed lines indicate
the loss peak frequency of neat water at identical T.㻌
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(b))㻌

(a))

Figure 3.6. (a) Relaxation times τj and (b) relaxation amplitudes Δεj of the resolved
modes (filled symbols). The empty symbols in (a) and (b) show the relaxation time
and the concentration normalized amplitude of neat water, respectively. The
vertical dotted lines highlight TS.㻌

3.3.4.

Hydration/dehydration behavior

To obtain deeper insights into the hydration state of the pNIPAm chains, we evaluate
effective hydration numbers per monomer unit using the generalized Cavell equation [42–
44],
ଶ
݃ ߤீ
ߝ
ܰ
οߝ ൌ
ܿ ሺ͵Ǥͺሻ
ߝ  ሺͳ െ ߝሻܣ ͵݇ ܶߝ ሺͳ െ ߙ ݂ ሻଶ 

where Δεj is the relaxation amplitude of a j th process, ε is the static permittivity, Aj is the
cavity-field factor, NA is the Avogadro constant, kB is the Boltzmann constant, T is the
temperature in kelvin, and ε0 is the vacuum permittivity; cj is the molar concentration and
μG,j is the gas-phase dipole moment of the species causing process j , αj is its polarizability,
and fj is the corresponding reaction-field factor [45]. For water molecules Aj = 1/3
(spherical shape) is assumed.
Normalization of equation (3.8) to the expression for neat water yields the apparent
concentration cj(c)app at solute concentration c as
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ܿ ሺܿሻୟ୮୮ ൌ

ߝሺͲሻሾʹߝሺܿሻ  ͳሿ ሾͳ െ ߙ୵ ݂୵ ሺܿሻሿଶ οߝ ሺܿሻ
ܿ ሺͲሻሺ͵Ǥͻሻ
ߝሺܿሻሾʹߝሺͲሻ  ͳሿ ሾͳ െ ߙ୵ ݂୵ ሺͲሻሿଶ οߝ୵ ሺͲሻ ୵

Substitution of Δε2 for Δεj in equation (3.9) yields the apparent bulk water concentration
cw(c)app. According to the definition, cw(c)app can be interpreted as the concentration of
water molecules that retain dynamic properties virtually identical to those of pure water
despite the presence of solute molecules (pNIPAm). The total hydration number Ztotal is
thus defined as
ܼ୲୭୲ୟ୪ ൌ

ܿ୵ ሺܿሻୟ୬ୟ െ ܿ୵ ሺܿሻୟ୮୮ 
ሺ͵ǤͳͲሻ
ܿ

by converting the difference between cw(c)app and the analytical concentration of water
cw(c)ana into the corresponding number of water molecules per pNIPAm repeat unit, where
c is the analytical concentration of the latter.
On the other hand, the apparent concentration of slow water cslow(c)app can be calculated
by substituting Δε1 for Δεj into equation (3.9). The corresponding number of slow water
molecules per NIPAm monomer unit is obtained as
ܼୱ୪୭୵

ܿୱ୪୭୵ ሺܿሻୟ୬ୟ
ൌ
ሺ͵Ǥͳͳሻ
ܿ

As mentioned before, side-chain dipoles of pNIPAm potentially contribute to Δε1.
However, this should result in Zslow values that are significantly larger than the
corresponding data for Ztotal. According to Figure 3.7 this is not the case, so that the
difference between Ztotal and Zslow can be identified as the number of water molecules that
are strongly (irrotationally) bound to the solute, Zib = Ztotal − Zslow. The obtained hydration
numbers Ztotal, Zslow, and Zib are summarized in Figure 3.7.
Up to 28 °C, Ztotal and Zslow show only a moderate decrease with T. However, above that
threshold, both hydration numbers rapidly drop. In the identical T range, ξ and IOZ(0)
show a drastic increase (Figure 3.4). This indicates that dehydration of the pNIPAm
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chains does not occur monotonously upon heating but proceeds abruptly above TS − 6 K,
implying a strong cooperative nature of the pNIPAm dehydration/hydration. The data also
demonstrate that the dehydration is strongly coupled to the critical fluctuations of
pNIPAm. We therefore infer that the exclusion of hydration water from the vicinity of the
pNIPAm chains and the segregation of the system into nanometer-sized polymer-rich and
water-rich domains occur in a concerted manner. This is also connected with a drastic
slowdown of the hydration water dynamics, i.e., a strong rise of τ1 [Figure 3.6(a)].
The practically constant value of Zib ≈ 1.3 probably means that these irrotationally bound
water dipoles are not released from the pNIPAm chains even above TS. A similar number
of strongly bound water molecules was also found for 1,3-dimethylurea in a combined
DRS and molecular dynamics study [46] and assigned to H2O dipoles strongly interacting
with the carbonyl oxygen of the solute. This may also be the case for pNIPAm with its
amide group in the side chains. Note that the change of the total hydration number upon
phase transition, ΔZtotal ≈ 12, is in good agreement with the result obtained by
thermodynamic measurements [47].

Figure 3.7. Effective hydration numbers Zi per monomer unit of pNIPAm as a
function of temperature. The total Ztotal and slow water Zslow hydration numbers are
evaluated from Δε2(T) and Δε1(T), respectively. The difference, Zib = Ztotal − Zslow,
gives the corresponding number of apparently “frozen” (irrotationally bound) H2O
molecules.㻌
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3.3.5.

Microscopic insights into the phase transition

As shown in Figures 3.2 and 3.3, well above TS, the measured intensities at q < 8 nm−1
can be approximated as IP(q) + IVL(q). This means that the polymer-rich phase is virtually
homogeneous on a length scale exceeding that of an intermediate-range order (Ң1/qLѽ),
while on a shorter length scale, the system exhibits marked density fluctuations. This
unambiguously demonstrates that the low-q peak originates from intrinsic density
fluctuations in the globule state of pNIPAm. From the emergence of a considerably
broader but otherwise similar interference peak at temperatures far below TS, we argue
that already in the one-phase region, an equivalent exists to the positional correlations
between high-density scattering objects that characterize the globule state.
A comparable low-q peak was observed for pNIPAm-based gels [48–50]. Our data firmly
confirm that the emergence of this low-q peak is not a gel specific phenomenon but an
intrinsic property of the pNIPAm chain. Chalal et al. claimed that the peak observed for
pNIPAm-based cryogels is due to local packing arising from the hydrophobic association
of isopropyl groups of two neighbor chains or from hydrogen bonds between amide
groups [48]. However, this explanation cannot apply to pNIPAm solutions because for T
<28 °C, the values of the characteristic distance dѽ, approximated as 2π/qLѽ (1.9 nm at
5 °C and 1.5 nm at 25 °C), certainly exceed the corresponding correlation lengths ξ (0.77
and 1.2 nm) [Figures 3. 4(a) and 8(c)].
We are aware that the calculation of the characteristic distance from Bragg’s law may be
problematic for broad peaks. To overcome these issues, we calculate density
autocorrelation functions (ACFs), C(r), using an indirect Fourier transformation (IFT)
technique [37] [Figure 3.8(a)], where C(r) is given by the inverse Fourier transformation

46

of I(q) as
ܫሺݍሻ ൌ ͶɎ න  ݎଶ ܥሺݎሻ

ሺݎݍሻ
݀ ݎሺ͵Ǥͳʹሻ
ݎݍ

The resulting ACFs in the expression of r2C(r) are shown in Figure 3.8(b). (Those in D2O
solvent are provided in the Figure 3.9.) The low-q peak is mapped into oscillations in
r2C(r) and the characteristic distance in real space drѽ can be directly taken from the first
peak position [Figure 3.8(c)]. For T < TS, dѽ monotonously decreases with T from 1.9 nm
at 5 °C to 1.4 nm at 33 °C (just below TS) while drѽ ≈ 1.6 nm remains nearly constant,
showing a gentler slope than dѽ. Above TS, both dѽ and drѽ drop significantly and converge
to 1.1 and 1.3 nm, respectively. Despite the somewhat different T dependence of dѽ and
drѽ, the major point that ξ exceeds drѽ only above approximately 28 °C is unchanged.
These observations lead us to conclude that above TS, the low-q peak arises from
positional correlations between the microglobules and that similar microglobules exist
already in the one-phase region (T <TS), as predicted in the cooperative hydration picture
[14,15].
Generally, the sharpness of an interference peak is related to the size of organized
domains. Using FWHM, Δβ = 2/ξLѽ, the domain size D is given by D = 2π/Δβ. By
extending a crystallographic method, the (relative) local number density of the
microglobules may be deduced as Nr ҃ D/drѽ [Figure 3.8(d)]. The values of Nr exhibit
only a moderate increase for T <TS, but show a steplike jump just above TS, reaching a
plateau at T >40 °C. In Figures 3. 8(d) and 8(e), the characteristic T ranges of the
divergence of ξ attaining ξ > drѽ and the rapid condensation of the microglobules are
highlighted in red and green colors, respectively. We stress the fact that the condensation
of the microglobules does not occur in parallel with the divergence of ξ. In TS < T < TS +
6K, where the swollen polymer networks are mostly collapsed, the microglobules rapidly
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condense into a high-density state as Nr exhibits a steplike increase. These findings
demonstrate that the phase transition of pNIPAm in aqueous media can be viewed as a
transition between a state of low density of the microglobules to a state with high
microglobule density [Figure 3.8(d)]. Accordingly, we can now identify the local number
density of the microglobules as an additional microscopic order parameter monitoring the
phase transition [Figure 3.8(e)].
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Figure 3.8. Microglobule formation as revealed by SWAXS. (a) Absolute scattering
intensity I(q) for scattering vectors q ≤ 8 nm−1 and temperatures 5 ≤ T/°C ≤ 50
(symbols) and fits to I (q) with an indirect Fourier transformation technique (lines).
(b) Corresponding density autocorrelation functions r2C(r) of pNIPAm in H2O
calculated from the I(q) curves shown in (a). Temperature dependence of (c) the
characteristic distance obtained by applying Bragg’s law (dѽ = 2π/qLѽ, empty square)
and directly read out from the first (lowest-r) peak position in r2C(r) (drѽ, blue filled
circle) and (d) the relative local number densities of the microglobules, Nr v ξLѽ/drѽ.
(e) Schematic representation of the spatial density fluctuations of pNIPAm at different
T values. Far below TS, where drѽ > ξ, longer-range positional correlations between
microglobules yield a broad interference peak. In the range of TS − 6 K ≤ T ≤ TS, ξ
rapidly increases, leading to ξ > drѽ. For T >TS, the density fluctuation arising from
the random coil chains rapidly disappears and the local number density of the
microglobules shows a steplike increase. The condensation of the microglobules is
completed at TS + 6 K and the polymer-rich phase can be understood as a high-density

assembly of the microglobules.㻌
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Figure 3.9. (a)
( ) Absolute
b l
scattering
i iintensities,
i i I(q),
( ) ffor scattering
i vectors q d 8 nm-1

and temperatures 5 d T/°C d 50 (symbols) and fits to I(q) with an indirect Fourier
transformation technique (lines). (b) Corresponding density autocorrelation
functions, r2C(r), of pNIPAm in D2O calculated from the I(q) curves shown in (a).
Temperature dependence of (c) the characteristic distance obtained by applying
Bragg's law (d* = 2S/qL*, empty square) and directly read out from the first (lowestr) peak position in r2C(r) (dr*, red filled circle) and (d) the relative local number
densities of the micro-globules, Nr v [L*/dr*. Vertical dashed lines in (c) and (b)
highlight a spinodal temperature, TS.㻌

3.4. Conclusions
To summarize, we have presented experimental evidence that critical fluctuations and
dehydration of the pNIPAm chains are closely coupled, due to the strong cooperative
nature of the dehydration/hydration of the polymer chains. we have also shown similarity
and substantial difference of the critical fluctuation of pNIPAm in H2O and D2O,
confirming about 1 K higher TS in D2O and almost identical critical exponents
independent of the solvent conditions. The data demonstrate the onset of microglobule
50

formation far below TS, where the long-range positional correlations between these
microglobules (drѽ > ξ) give a broad interference peak.
Above TS the polymer-rich phase is characterized by a high number density state of these
microglobules. For T > TS − 6K, ξ rapidly increases, resulting in ξ > drѽ. For T >TS, the
density fluctuation arising from the random coil chains rapidly disappears, whereas the
local number density of the microglobules shows a steplike increase.
Importantly, we find that the condensation of the microglobules does not occur
simultaneously with the divergence of ξ. Instead, the condensation sets in just above TS
and is completed at temperatures about 6 K above TS whereas ξ already diverges when
approaching TS. Therefore, the phase transition of aqueous pNIPAm solution can be
understood as a transition from a low-density to a high-density state of the microglobules.
Besides the ordinary density order parameter, whose spatial fluctuations are manifested
by ξ, the local number density of the microglobules can be identified as a microscopic
order parameter governing the phase transition of aqueous pNIPAm solution. The change
in solvent water to a weaker hydrogen bond structure above the cloud temperature,
claimed by a recent Raman-MCR study [32], may be associated with the completion of
the high-density microglobule assemblies.
We note that structural changes related to the volume-phase transition (VPT) of
pNIPAm-based gels are often regarded as gel-specific phenomena, but this is probably
not correct. As we have shown, many of these changes arise essentially from an intrinsic
property of the pNIPAm chain, namely the temperature-induced change of the interchain
interactions and the mixing scheme of pNIPAm in aqueous environment. We anticipate
that this work has a potential impact on subsequent investigation into effects of coexisting
alcohols [15,16,31] and ions on the phase transition of pNIPAm and all kinds of other
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thermoresponsive polymers in aqueous media.
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Chapter 4.
Ion fluctuations and intermembrane interactions in
aqueous dispersions of dialkylchain cationic surfactant
A dialkylchain cationic surfactant forms the so-called α-gel in water showing virtually
no fluidity, which is transformed into a highly fluidic dispersion upon addition of a small
amount of salt. This intriguing phenomenon is utilized in household industries. However,
the underlying mechanisms remain unclear. Here, we use dielectric relaxation
spectroscopy (DRS) and simultaneous small- and wide-angle x-ray scattering (SWAXS)
to shed light on this issue. We find that an excess amount of CaCl2 induces an α-gel-tomulti-lamellar vesicle (MLV) transition accompanied by a marked increase of the
reservoir volume fraction. This resembles an unbound lamellar-to-bound lamellar
transition but cannot be explained without invoking a weak long-ranged electrostatic
attraction. The DRS data provide evidence that the counterions fluctuate both vertically
and laterally at the interface, whose relaxation amplitudes sharply depend on a percolating
state of an aqueous phase. The strikingly small bulk-water amplitude is likely to reflect
depolarizing electric fields induced by the MLV architecture, along with genuine
hydration effects. The modified Caillé approach to the SAXS intensities reveals sensitive
salt-concentration dependent membrane–membrane interactions. The least undulating
membranes are formed at a salt concentration of ca. 10 mmol L−1. Above 25 mmol L−1,
where small surface separation (< 2.5 nm) is attained, far more undulating membranes
than those predicted by the Helfrich interaction are produced. This suggests that the
hydration forces, generally believed to induce strong short-range repulsion, do not
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suppress the membrane undulation fluctuations.

4.1. Introduction
Understanding interactions between membranes is central to comprehending a wide
range of physical, chemical and biological phenomena. It has long been believed that as
classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory predicted, fundamental
interactions between membranes are to a large extent determined by a balance between
attractive van der Waals and repulsive electric double-layer forces [1–4]. It has been
recognized that non-DLVO forces also play a significant role [3–14]. The Helfrich
undulation interaction, arising from the steric hindrance of the out-of-plane fluctuations
of flexible membranes, leads to a long range repulsive force [7]. For a double-chain
surfactant, the bending modulus kC ≈ kBT seems to be a necessary condition for
spontaneous vesicles to be equilibrium structures, where kB is the Boltzmann constant and
T is the temperature, because the induced Helfrich-type repulsion between bilayers can
dominate the van der Waals attraction [15]. Water layers and hydrated ions adjacent to
the interface induce a strong repulsive potential at a small separation of less than ~ 20 Å,
whose decay is empirically described by an exponential function having a characteristic
length of about 5 Å [3,4,6,13]. This notable short range repulsive force is called the
hydration force, which efficiently prevents direct contact of the membranes embedded in
water. Batista et al.[14] indicated that a clear decomposition of the interaction potential
into individual contributions often becomes difficult due to the coupled structural
dynamics of neighboring colloidal particles and surrounding media.
An alternative description of the fundamental forces to that of the classical DLVO theory
was given by Langmuir in 1938 [5], which involved a long-range electrostatic attraction.
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Although this idea was not widely accepted for a long time, it was restored by Sogami in
his electrostatic interaction theory in 1983 [8]. Sogami and Ise [9] argued that order
formation observed in a dispersion of highly charged macroions is unable to be explained
without invoking a weak long-range electrostatic attraction mediated by the intermediate
counterions. Lukatsky and Safran [12] also pointed out that counterion fluctuations
induce attraction between interfaces. Using dielectric relaxation spectroscopy (DRS),
Buchner and co-workers unambiguously showed that multidimensional fluctuations of
the counterions occur in aqueous micellar solutions of ionic surfactants, such as sodium
dodecyl sulfate (SDS) [16] and alkyltrimethylammonium salts [17,18]. These micellespecific ion fluctuations can be detected as two well-defined relaxation modes having
nanosecond timescales.
Interactions between bilayer membranes in a variety of systems have been studied by
using a direct force measurement technique [3,4,13,19,20] originally developed by
Israelachvili [3,4]. This technique allowed a variety of interactions between surfaces in
liquids to be revealed depending on the nature of the surfaces as well as mediating liquids
at sub nanometer resolution. Quantitative information about the interactions occurring in
a stack of bilayer membranes is accessible by means of small angle scattering of x-rays
or neutrons [15,21–28]. In the pioneering studies of Safinya and Roux [21,22], they
demonstrated that interactions between negatively charged membranes composed of SDS
and pentanol monitored along two dilution paths with water and brine are almost solely
dominated by electrostatic and undulation forces, respectively.
Dialkyl dimethyl ammonium salts are an important class of cationic surfactants. Since
the discovery of a totally synthetic bilayer membrane composed of didodecyl dimethyl
ammonium bromide by Kunitake et al. [29], pseudo-spontaneous vesicle formation in

58

ionic [30–32] and nonionic [33] systems has been extensively discussed [19,26,28–
30,32,34]. In household industries, an inorganic salt such as CaCl2 is used as a viscosity
modifier of aqueous double-chain cationic surfactant-based materials in the production
of a wide range of home and personal products. Dihardened tallow dimethyl ammonium
chloride (DTDAC; 2HT) forms the so-called α-gel in water, i.e., a lamellar gel having
partially frozen hydrocarbon chains showing virtually no fluidity (Figure 4.1). Upon
addition of a small amount of salt, a stiff α-gel is transformed into a highly fluidic milky
dispersion. To clarify the underlying mechanisms of this intriguing phenomenon, we
investigate the effects of CaCl2 concentration on the interactions between the bilayer
membranes formed by 2HT. We evaluate the extent of the bilayer undulation fluctuation
disorder by means of simultaneous small- and wide-angle x-ray scattering (SWAXS). To
monitor counterion fluctuations and the cooperative dynamics of solvent water, we use
dielectric relaxation spectroscopy (DRS) [16–18,35–41].
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Figure 4.1. Effects of CaCl2 concentration, csalt, on the fluidity of 10 wt% 2HT
dispersions: (A) a visual inspection, (B) low shear rate viscosities at a shear rate of
−1

0.01 s , and (C) representative images using phase-contrast microscopy (scale bar =
100 μm). For the sake of clarity, a bright-field micrograph of a 2HT dispersion without
CaCl2 salt, whose observation condition is identical to that of the image at the right
top corner, is also displayed. The open and filled symbols in (B) represent the data for
the α-gel and MLVs, respectively. Most plausible structures are schematically
depicted in the upper part of panel (B). Light blue and red areas highlight the salt
concentration regions, in which the dispersions exhibit high and low fluidity,
respectively.㻌

4.2. Experimental Methods
4.2.1.

Materials

Dialkyl chain cationic surfactant, dihardened tallow dimethylammonium chloride (2HT),
was supplied by Research & Development Headquarters, LION Corporation, Japan, and
calcium chloride (CaCl2) was purchased from Wako Pure Chemical Industries Ltd, Japan.
These materials were used as received. Gas chromatography analysis indicated
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C16H33C16H33N(CH3)2Cl : C16H33C18H37N(CH3)2Cl : C18H37C18H37N(CH3)2Cl = 16 : 42 :
42, according to which the average molecular mass was evaluated to be 565 g mol−1. The
melted 2HT surfactant was thoroughly mixed with hot water at 60 °C under reduced
pressure. Aqueous CaCl2 solution was added to the 2HT/water mixtures to adjust the salt
concentration and the samples were gently stirred for 30 minutes whilst being kept at
60 °C. The formulated dispersions were equilibrated at 25 °C for several days. The
surfactant concentration was fixed to 10 wt% and the CaCl2 concentration, csalt, was
varied in the range of 0 ≤ csalt/mmol L−1 ≤ 44.5.

4.2.2.

Dielectric relaxation spectroscopy (DRS)

Dielectric relaxation spectroscopy monitors the response of dipolar liquids to an applied
time-dependent electric field of frequency, ν. For a solution exhibiting non-negligible dc
conductivity, κ, the response is described in terms of the total complex permittivity, η*(ν)
= ε*(ν) − iκ/2πνε0, where ε*(ν) is the complex permittivity and ε0 is the permittivity of a
vacuum. An additional second term denotes an Ohmic loss contribution caused by charge
transport. We determined the complex dielectric spectra, ε*(ν) = ε′(ν) − iε″(ν), of the
aqueous dispersions of 2HT at 25 °C in 0.5 MHz ≤ ν ≤ 20 GHz by measuring the total
complex permittivity, η*(ν), where ε′(ν) and ε″(ν) are the relative dielectric permittivity
and the dielectric loss, respectively. We employed time domain reflectometry (TDR)
comprising the Hewlett–Packard instruments HP54121A and HP54120B. All timedomain measurements and the transformation of the time-dependent reflected pulse
waveforms to the frequency domain spectra were performed according to previously
reported procedure [38]. The conductivity of the samples can be evaluated from the
reflected waveform measurements in the TDR experiment.
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To give a quantitative description of the experimental ε*(ν) spectra, a series of
conceivable relaxation models based on a superposition of n Havriliak–Negami equations
[42]
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or its counterparts, such as Debye, Cole–Cole, and Davidson–Cole equations, were tested
using a non-linear least-squares fitting procedure. A jth dispersion step (j = 1, 2 … and n)
is defined according to the magnitude of its relaxation time, τj (τj > τj+1). n is the number
of dispersion steps, ε∞ is the infinite frequency permittivity and αj and βj are the shape
parameters representing asymmetric [43] and symmetric [44] broadening of the spectrum
shape, respectively.

4.2.3.

Small- and wide-angle x-ray scattering (SWAXS)

Simultaneous small- and wide-angle x-ray scattering (SWAXS) experiments were
carried out using a SAXSess camera (Anton Paar, Graz, Austria) in the extended q-range
between 0.06 and 27 nm−1, where q is the magnitude of the scattering vector. The
apparatus was equipped with an x-ray generator with a long fine focus sealed glass x-ray
tube (GE Inspection Technologies, Germany), a focusing multilayer optics, and a block
collimator. The system provided a line-shaped monochromatic primary beam (Cu Kα
radiation, a wavelength λ = 0.154 nm). The generator was operated at 40 kV and 50 mA.
The scattering intensity was recorded using an imaging-plate detector having a pixel size
of 45 μm × 45 μm and the sample to detector distance was 265 mm, corresponding to Δq
≈ 0.007 nm−1. The two dimensional scattered intensities were integrated into a one
dimensional scattering curve. We used a vacuum-tight quartz capillary cell with a 1 mm
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diameter that can be repeatedly used. The background contributions from a capillary cell
and the solvent were subtracted. The absolute intensity calibration was made using water
as a secondary standard [45]. A model independent collimation correction procedure
(desmearing) was applied relying on the Lake algorithm [46] to obtain the scattering
curves equivalent to those measured by an ideal point focus system.
To confirm the isotropic scattering patterns of the 2HT dispersion, SAXS experiments
were performed using a pinhole camera, a SmartLab instrument (Rigaku, Japan). This
instrument provides a point collimated primary beam of Cu Kα radiation. The diameters
of the first and second pinholes are 50 and 80 μm, respectively. The covered q-range is
between 0.16 and 1.21 nm−1.

4.2.4.

Density measurements

Using a high precision densimeter, DMA4500M (Anton Paar, Austria), which is based
on a conventional mechanical oscillator method, density measurements were carried out
on aqueous dispersions of 2HT at 25 °C at different salt concentrations. The density data
were used for calculating the molar concentration of the 2HT surfactant, c2HT [mol L−1],
as well as the analytical water concentration, cw(c) [mol L−1], from the surfactant weight
fraction, w2HT.

4.2.5.

Viscosity curve measurements

Shear viscosities of the 2HT dispersions at different salt concentrations were measured
on an MCR92 rheometer (Anton Paar) equipped with a cone-plate measuring device in
the shear rate range of 0.01–1000 s−1 at 25 °C. Viscosity curves are shown in Figure 4.2.
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Figure 4.2. Viscosities of 2HT dispersions at different CaCl2 concentrations at 25 °C
as a function of the share rate.

4.2.6.

Optical microscopy observation

Microscopy observations were performed using an inverted microscope Eclipse Ts2
(Nikon, Japan). A drop of the 2HT dispersion was placed onto a 1 mm thick microscope
slide, and the specimen was covered by a thin cover glass to avoid solvent evaporation.

4.3. Results and Discussion
4.3.1.

Dielectric properties of the aqueous dispersions of 2HT

In Figure 4.3, we show the complex dielectric spectra, ε*(ν), of the aqueous dispersions
of 2HT at 25 °C as a function of CaCl2 concentration, csalt. Upon addition of 2HT to water,
broad low frequency dispersions emerge. At high salt concentrations (csalt > ~10 mmol
L−1), these contributions become more pronounced and far exceed the solvent
contribution in terms of their amplitudes. The high frequency process centered at ~ 19
GHz always appears without a notable shift in the loss peak frequency of pure water. By
fitting the experimental ε*(ν) spectra to equation (4.1), we find that a superposition of four
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Debye relaxation functions gives the best and most consistent description of the dielectric
response of the 2HT dispersions, which is conveniently written as
ߝ  כሺQሻ ൌ ߝஶ 
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The results of the fitting procedure are shown in Figure 4.3B–E. The lowest-frequency
process centered at about 3 MHz is assigned to the so-called Maxwell–Wagner (MW)
relaxation arising from interfacial polarization effects. This emerges when the
transportation of ions is blocked by the interface, which cannot be seen for aqueous
solutions of ionic surfactants, such as SDS [16] or alkyl trimethyl ammonium bromide
(TAB) or chloride (TAC) [17]. Apart from the MW relaxation, we observe two additional
solute relaxation processes (j = 1 and 2) in the MHz frequency region, whose relaxation
times are rather similar to those observed in a variety of ionic micellar solutions [16–18].
They can be assigned to counterion fluctuations despite the fairly different surfactant selfassembly structures. By comparing the spectrum of pure water [40], the high-frequency
process (j = 3) is clearly attributed to the cooperative relaxation of bulk water. In Figure
4.4, the relaxation times, τj, and amplitudes, Δεj, are presented.
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Figure 4.3. Spectra of (A) dielectric dispersion, ε′(ν), and dielectric loss, ε″(ν), of 10
wt% 2HT dispersions at 25 °C in a CaCl2 concentration range between 0 and 44.5
mmol L−1. Solid lines represent the pure water spectrum [40] for comparison. The
ε*(ν) spectra at CaCl2 molar concentrations of (B) 0 mmol L−1, (C) 5.3 mmol L−1, (D)
13.3 mmol L−1, and (E) 44.5 mmol L−1.㻌

4.3.2.

Solute relaxation and ion fluctuations

We analyzed the salt concentration dependence of the spectra. Two solute-modes for
ionic surfactant solutions are generally well described by the Grosse model for a
dispersion of charged spherical colloidal particles [16–18,47]. The Grosse model predicts
that the relaxation times, τj, and amplitudes, Δεj, of the ioncloud relaxation (j = 1) and of
the surface-hopping mode of the adsorbed but still mobile counterions (j = 2) are defined
by the following four equations [17,47],
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where D is the diffusion coefficient of free counterions, RG is the Grosse radius describing
the location of the adsorbed counterions from the center of mass of the particles, φ is the
volume fraction of the particles, εp and εm are the static permittivities of the particle’s core
and the medium, respectively, χ−1 is the Debye length, κ is the dc conductivity of the
dispersion, and λS is the surface conductivity. Strictly speaking, the Grosse model can be
validly applied to spherical particle systems in the limit of RG >> χ−1. Nevertheless, we
apply it to the present MLV systems in an extended manner. Note that, obviously, the 2HT
bilayer membrane is not a homogeneous spherical particle, but its small curvature gives
a better situation for applying the Grosse model to the charged bilayers than to charged
spherical-like micelles. Using equations (4.3)–(4.6), RG, λS, Δε2, and χ−1 can be evaluated
using the experimentally determined parameters of τ1, Δε1, τ2, Δε1, and κ (Figure 4.4 and
4.6B). We fix φ to 0.11 and assume the values of εp = 2 and εm = 78.4, whereas D of Cl−
(2.03 × 10−9 m2 s−1) is taken from the literature [48].

67

Figure 4.4. (A) Dielectric relaxation times, τj, and (B) amplitudes, Δεj, of the aqueous
dispersions of 2HT at 25 °C (a Maxwell–Wagner (MW) relaxation and j = 1, 2 and
3) as a function of added salt (CaCl2) concentration. The open and filled symbols
represent the data for the α-gel and MLVs, respectively. The blue area highlights the
highly fluidic region. Cross marks indicate the predicted Δε2 (equation (4.6)) values
from λS determined from the experimental τ2 values.㻌
The RG value can solely be determined from τ1 (equation (4.3)), assuming that the
constant diffusion coefficient D = 2.03 × 10−9 m2 s−1. From τ1 ≈ 6.4 ns, RG ≈ 3.6 nm is
obtained, which is virtually independent of csalt. Since the salt-added 2HT dispersions
show the formation of sub-micron to micron-sized spherical-like particles, it is obvious
that RG ≈ 3.6 nm cannot be correlated with the radii of the MLVs. Instead, the value is
nicely coupled to the thickness of the 2HT bilayer, δ (ca. 4.8– 5 nm) (see Figure 4.12B
and C). Indeed, RG ≈ 3.6 nm is comparable to the distance of δ/2 + 4r(H2O) + r(Cl−) ≈ 3.3
nm estimated by accounting for the hydration layers of the interface and chloride ion,
where r(H2O) and r(Cl−) are the radii of a water molecule and chloride ion, respectively.
Therefore, the value of RG can be practically interpreted as the location of the center of
the condensed counterions relative to the center of the 2HT membrane around which the
counterions fluctuate.
As for ionic spherical-like micelles, such as SDS [16] and C8TAB, C12TAB, C16TAB
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and C12TAC [17] micelles, the amplitude of the surface-hopping (the lateral mode), Δε2,
is always dominant over that of the ion-cloud fluctuation (the vertical mode), Δε1.
However, we find that in the 2HT dispersions, the amplitudes of the lateral and vertical
modes are inverted (Δε1 > Δε2). Furthermore, Δε1 shows approximately one order of
magnitude greater values than that observed for ionic micellar solutions [16,17]. These
phenomena can be understood based on simple simulation using equations (4.4) and (4.6).
Although the Grosse model does not explicitly involve ion concentration or ionic strength,
the effect is implicitly expressed in the Debye length, χ−1, and the relative surface
conductivity against the bulk conductivity, λS/κ. The simulated Δε1 and Δε2 as a function
of λS/κ are shown in Figure 4.5, in which the Debye length χ−1 is fixed as 2, 2.5, and 3 nm
for simplicity although in a strict sense, χ−1 and κ are not independent. At higher csalt, the
shorter χ−1 leads to greater values of Δε1. Δε1 shows an upturn increase with λS/κ, while
Δε2 exhibits a relatively moderate upward-convex increase. Thereby, a high λS/κ value,
i.e., a high surface conductivity λS relative to the bulk conductivity κ, results not only in
greater relaxation amplitudes of the ion fluctuations, but also in the inversion of Δε1 and
Δε2, yielding a greater value of Δε1 than Δε2.
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Figure 4.5. Simulated relaxation amplitudes of the ion-cloud fluctuation, Δε1
(equation (4.4)), and the surface-hopping mode, Δε2 (equation (4.6)), as a function of
the relative surface conductivity against the bulk conductivity, λS/κ. The Grosse
radius and the volume fraction are fixed to 3 nm and 0.11, respectively. The simulated
Δε1 with the Debye length of 2 nm, 2.5 nm, and 3 nm are represented by the blue
dashed, solid, and dash-dot lines, respectively.㻌
It is known that membranes and vesicle architectures serve as an insulator of electric
conduction. The conductivity in the vesicle dispersions can be approximated to be in
inverse proportion to the diameter of the MLVs [26,49]. Indeed, the measured
conductivities of the 2HT dispersions are one order of magnitude smaller than those of
the C12TAC solutions with no added salt [17]. Furthermore, ions dissolved in an inner
aqueous phase of the vesicles may not practically contribute to the conductivity of the
dispersion.
Importantly, we observe that the amplitude of the diffused ion cloud (Δε1) exhibits an
eccentric behavior, a minimum at csalt ≈ 5 mmol L−1 and a most abrupt increase in the
range of 10 < csalt/mmol L−1 < 20. In Figure 4.6D, we present the evaluated λS/κ from τ2
applying equation (4.5) using the measured κ and the readily determined RG. In Figure
4.4B, the predicted Δε2 values from λS determined from the experimental τ2 values are
shown. Despite a successive increase of the ion concentration, λS/κ shows a minimum at
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csalt ≈ 10 mmol L−1. This causes the characteristic behavior of Δε1 shown in Figure 4.4B.
As shown in Figure 4.1, the viscosity of the 2HT dispersions drastically decreases upon
addition of a small amount of salt (csalt < 3 mmol L−1), but with a further increase of the
salt concentration (csalt > 10 mmol L−1), it rapidly increases. Therefore, the minimum of
λS/κ and the resulting marked change of Δε1 in the range of 10 < csalt/mmol L−1 < 20 can
be attributed to the α-gel-to-vesicle transition accompanied by a drastic increase of the
reservoir volume fraction due to expelled solvent water. A sharp minimum of λS/κ mainly
reflects a macroscopically permeable state of an aqueous phase.
As shown in Figure 4.6C, the χ−1 values resulting from the DRS analysis based on the
Grosse model show a similar decreasing trend to those obtained by conventional
calculations. Although the discrepancy between them is far less than one order of
magnitude, this may be caused by non-ideal application conditions of the Grosse theory
to the MLVs or α-gel. A simple assumption for the degree of counterion dissociation ≈
0.1 for the conventional calculation may also be an error source.
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Figure 4.6. (A) The Grosse radius, RG, (B) the bulk conductivity, κ, (C) the Debye
length, χ−1, and (D) the relative surface conductivity against the bulk conductivity,
λS/κ, as a function of added salt (CaCl2) concentration. The open and filled symbols

represent the data for the α-gel and MLVs, respectively. The blue area highlights the
highly fluidic region. Cross symbols in (C) represent the Debye length calculated in
a conventional manner from χ−1 = [εmε0kBT/(2NAe2I)]−1/2.㻌

4.3.3.

Hydration effects of 2HT

The dielectric spectrum of pure water in the microwave region is governed by a single
Debye relaxation attributed to the collective reorientation of water molecules, which is
associated with the cooperative rearrangement of the hydrogen-bond network of water
[40]. In the 2HT dispersions, the amplitude of bulk water, Δε3, is strikingly smaller than
those predicted by a mixture model and the analytical (actual) water concentration, it is
reduced to about 65% or less than that of pure water at w2HT = 0.1. This seems to be in
part due to the manifestation of the strong water binding capability of 2HT and may imply
that an enormous number of water molecules are strongly bound by the surfactants and
ions in a cooperative manner. However, such a marked reduction of the bulk water
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amplitude is not observed for the nonionic and ionic micellar solutions,[16,18,36,41] but
the situation is rather similar to those observed for aqueous dispersions of zwitterionic
phospholipids in a pioneering work of Pottel et al. [35] Here, we attempt to quantify the
hydration effects. Relying on the generalized Cavell equation [39,50], the relaxation
amplitude of the jth relaxation process, Δεj, is connected to the concentration of the
relaxation species, cj, by
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where e is the static permittivity, Aj is the shape parameter, NA is Avogadro’s number, kB
is the Boltzmann constant, ε0 is the vacuum permittivity, μGj is the gas-phase dipole
moment, gj is the dipole–dipole correlation factor, αj is the polarizability and fj is the field
factor. By normalizing equation (4.7) to that of pure water (solute concentration c = 0),
the apparent water concentration, cw(c)app, at solute molar concentration c is written as
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where Δεw(0) = 72.5 and Δεw(c) = Δε3(c). Assuming a spherical water molecule (Aj = 1/3)
having a radius r = 0.1425 nm and a polarizability αw = 1.607 × 10−40 C m2 V−1, the
apparent concentration of bulk water, cw(c)app, can be calculated (Figure 4.7A). Generally,
cw(c)app is understood as the concentration of water molecules that are not affected by the
presence of solute molecules and/or ions, and thus they still retain their dynamic
properties identical to those of bulk-water. We further define the effective hydration
number of a 2HT molecule, Zhyd, involving counterion hydration effects as
ୟ୮୮

ܼ୦୷ୢ ൌ ሾܿ୵ ሺܿሻ െ ܿ୵ ሺܿሻሿȀܿሺͶǤͻሻ
where c is the molar concentration of the surfactant (=c2HT). From equation (4.9), Zhyd
gives the number of water molecules that cannot contribute to the bulk-water relaxation
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process (j = 3) due to hydration effects.
In ionic surfactant solutions, a slow water mode often appears as a several-times-slower
relaxation process compared to that of bulk-like water [16,18,36], This is normally
assigned to the water molecules exhibiting reduced but not rotationally immobilized
dynamics. Importantly, we are not able to resolve any slow water relaxation in the 2HT
dispersions in the entire csalt range. Therefore, the evaluated Zhyd based on equation (4.9)
is to be interpreted as Zib, where Zib is the number of ‘irrotationally bound’ water
molecules per surfactant. cw(c) − cw(c)app reaches 12 mol L−1 at w2HT = 0.1 (c2HT ≈ 0.17
mol L−1) under low salt conditions, corresponding to Zib ≈ 70. Furthermore, Zib > 100 is
obtained under high salt conditions, where csalt > 25 mmol L−1. There are more than a
couple of factors that may conceivably explain the high Zib values; the 2HT bilayer
membranes are covered with an extended hydrophobic surface, cations potentially have
a higher impact on the rotational mobility of water molecules than anions do (the
hydration number of Ca2+ was estimated to be ca. 10 at room temperature by means of
extensive measurements of the colligative properties of aqueous calcium salts [51],
whereas Zib = 0 was evaluated for Cl− by DRS [37]), and water molecules can be
cooperatively bound by an anion and a cation, resulting in a frozen state in their rotational
dynamics.
However, we obtain Zib ≈ 80 at csalt = 18 mmol L−1, which already exceeds the number
of water molecules existing in a 3.4 nm-thick water layer between the surfaces. Strong
compressions of water layers and/or an extremely long-range influence extended over
more than several water layers from the surface that freezes the rotational mobilities of
all water molecules has been suggested [52].
Equation (4.8) yields the relative Kirkwood’s dipole–dipole correlation factor in solution
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against that in pure water, gw(c)/gw(0), as expressed in its second term, which is a measure
of the perturbation of the water dipole moments’ parallel alignment (Figure 4.7B). The
observed drastic reduction of the bulk water amplitude corresponds to a decrease of the
Kirkwood’s dipole–dipole correlation factor, decreasing to less than 70% of that in pure
water. This finding is corroborated by the observation of Pottel et al. in their pioneering
work on aqueous dispersions of zwitterionic phospholipids [35]. The drastic effects on
the bulk water relaxation amplitude, Δε3, manifested in the gw(c)/gw(0) values are likely
to reflect depolarizing electric fields induced by the MLV architectures, as recently
predicted by Steinhauser and co-workers [53], which should be distinctly different from
those in ionic micellar solutions and dispersions of homogeneous dielectric spheres. The
simultaneous appearance of the maxima in cwapp and gw(c) as well as the minimum in λS/κ
in the high-fluidity region of csalt < 10 mmol L−1 should be closely linked with a permeable
state of an outer aqueous phase.

Figure 4.7. Effects of added CaCl2 on the hydration of 2HT. (A) The apparent bulk
water concentration, cwapp, calculated from the bulk water relaxation amplitude and
analytical water (molar) concentration, cw, and (B) the Kirkwood’s dipole–dipole
correlation factor of water, gw(c), in the 2HT dispersions normalized by that in pure
water, gw(0), as a function of CaCl2 concentration, csalt. The blue area highlights the
region where the dispersion is highly fluidic.㻌
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4.3.4.

Static structures of 2HT dispersions

It is established that liquid-like systems, e.g., α-gels, lamellar lyotropic liquid crystals
[54], and MLVs [55,56], exhibit isotropic scattering patterns under static conditions. In
Figure 4.8, we compare the scattering patterns obtained by a point and a line collimated
apparatus, which confirm the isotropic scattering patterns of the 2HT dispersions and that
the collimation corrected I(q) measured by the line-collimation apparatus coincides well
with that measured by the point collimated apparatus.
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Figure 4.8. Two-dimensional scattering patterns of the 2HT dispersion at CaCl2
concentration of 2.7 mmol/L as obtained by (A) a point collimation SmartLab
apparatus and (B) a line collimation SAXSess mc2 apparatus. One-dimensional
scattering intensities as a function of (C) the magnitude of the azimuthal angle, β,
and (D) the scattering vector, q, respectively. The azimuthal profile, I(β), is obtained
by integrating the point collimated I(q) in the q-range between 0.36 and 0.48 nm−1,
corresponding to the scattering angles of 0.51° and 0.67°. For I(q) data measured by
the line collimation apparatus, a desmearing procedure is made. The background
contribution and transmission calibration are corrected.㻌
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In Figure 4.9A, we show I(q) for the 2HT dispersions on an absolute scale as a function
of csalt. The q−2 behavior as indicated by a dotted line is the so-called fractal scattering
from the planar object, whose fractal dimension is two. The high-q oscillation seen in
range of 2–6 nm−1 comes from the form factor of the planar object, mainly reflecting the
thickness and internal electron-density distributions within the bilayers. The emergence
of up to three reflections in the positional ratio of 1 : 2 : 3 in the small angle regime
reflects the long-range order of the membrane–membrane correlations. As shown in
Figure 4.1, the microscope images of the 2HT dispersions confirm the formation of
submicron to micron-sized spherical-like particles in the salt-added dispersions, whereas
no particle-like objects are found in the sample with no added salt (α-gel). We also
performed microscope observations on the 20-fold diluted dispersions and we were able
to observe that spherical-like particles are still present (Figure 4.9).

Figure 4.9. Phase-contrast micrographs of diluted 2HT dispersions (scale bar = 100
μm). These dispersions were prepared by diluting the mother dispersions of 2HT at
different CaCl2 salt concentrations by 20 times with Millipore water.㻌
These data confirm the formation of a multi lamellar vesicle (MLV) structure, which can
be classified as a lamellar gel (Lβ) phase. In Figure 4.10B, the SAXS intensities in the
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expression of q2I(q) are shown for a better visibility of the interference scattering.
Importantly, even without imposing any structure factor model, it is already clear that at
csalt ≈ 10–20 mmol L−1, the sharpness of the primary peak attains its maximum and the
decay of the higher-order reflections becomes slowest.

Figure 4.10. (A) Collimation-corrected SWAXS intensity, I(q), of the aqueous
dispersions of 0.174 mol L−1 2HT at 25 °C on an absolute scale as a function of added
CaCl2 concentration from 0 to 44.5 mmol L−1, and (B) a plot of q2I(q) in 0.06 ≤ q/nm−1
≤ 2.5, emphasizing the intermembrane interference contributions. GIFT analyses of
I(q) at CaCl2 concentrations of (C) 0 mmol L−1, (D) 2.7 mmol L−1, (E) 5.3 mmol L−1,
(F) 8.9 mmol L−1, (G) 17.8 mmol L−1, and (H) 44.5 mmol L−1. The green curve
represents the GIFT fit to the experimental I(q). The deduced form factor, P(q), and
structure factor, S(q), are shown in red and blue curves, respectively.㻌
To obtain further insights into the interactions between the bilayer membranes, we
analyzed the SAXS data by applying the generalized indirect Fourier transformation
(GIFT) technique [27,57] to the small-angle regime (0.07 ≤ q/nm−1 ≤ 6) of the
experimental I(q). Similarly to the case of globular particle systems, the scattering
intensity I(q) from a multilamellar stack of the bilayer membranes can be written as I(q)
v P(q)S(q), where P(q) is the form factor and S(q) is the structure factor [27]. The
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structure factor S(q) in the modified Caillé model [24,25,27] is given by
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where d is the interlayer spacing, N is the mean number of correlated bilayers, which
scatter x-rays in a coherent manner, and γ (= 0.5772) is Euler’s constant. The Caillé
parameter, η, is interpreted as a measure for the undulation fluctuation disorder, which is
given as a function of the bending modulus K of the bilayers and the compression modulus
B [24,25,27,58]
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where q1 = 2π/d is the scattering vector corresponding to the primary peak position in
S(q). kC = Kd is the bending modulus of a single membrane. In our present approach, it is
only possible to evaluate the product of these two moduli, KB or kCB, from the SAXS
data.
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Figure 4.11. Structure factor parameters for the 2HT dispersions at c2HT = 0.174 mol
L−1. (A) Interlayer spacing, d, (B) Caillé parameter, η, (C) the product of the bending
modulus of a single membrane and the compression modulus, kCB, and (D) the
number of correlated bilayers, N, and the extent of the long-range correlation, Nd, as
a function of CaCl2 concentration, csalt. The predicted d-values from the Sogami–Ise
potential, dSI (red cross marks), and the modified DLVO potential, dmod-DLVO (blue
positive signs), are also plotted in (A). An arrow in (B) highlights a marked increase
of η induced by addition of a small amount of excess salt and the resulting α-gel-toMLV transition. The blue area highlights the salt concentration region where the
dispersion exhibits high fluidity.
Using the thickness scattering function Pt(q), P(q) is written as P(q) = (2πA/q2)Pt(q)
[27,59], where Pt(q) is given by the cosine transformation of the thickness distance
distribution function, pt(r), as
ஶ
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The thickness of the bilayer, d, is estimated to be about 4.8– 5.0 nm from the distance at
which pt(r) goes to zero. The electron density profile, Δρ(r), is calculated by
deconvoluting pt(r) (Figure 4.12B and C). The maximum distance read out from Δρ(r)
(2.4–2.5 nm) is comparable to the length of a 2HT molecule (ca. 2.5 nm) [60]. The
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negative values of Δρ(r) at r < 1.5 nm can clearly be attributed to the lower electron
density of the hydrocarbon chains compared to that of solvent water. Δρ(r) appears to
become nearly zero or only slightly positive at an intermediate distance of r = 1.5–1.8 nm
and again shows negative values at larger r. We infer that this behavior reflects the
average locations of the charged ammonium (N+) group and terminal methyl groups of
2HT, respectively.
As already seen in the q2I(q) plot (Figure 4.10B), the shape of the structure factor S(q)
is strongly salt concentration dependent. Interlayer spacing, d, directly linked with the
first-peak position, q1, in S(q) as d ≈ 2π/q1, decreases with an increase of csalt. As shown
in Figure 4.10B and 4.12A, the α-gel-to MLV transition induced by adding a small amount
of CaCl2 causes a broader and weaker primary peak to appear in S(q), but an increase of
csalt leads to a sharper and stronger peak. The sharpest primary peak and the slowest decay
of higher-order reflections are observed at csalt in the range of 10–20 mmol L−1, resulting
in the minimum value of the Caillé parameter η, indicating the formation of the least
undulating membranes. With a further increase of csalt, the interference peaks get rapidly
broader and weaker again. The number of correlated membranes, N, shows a maximum
at csalt ≈ 20 mmol L−1, leading to a local maximum of Nd.
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Figure 4.12. (A) Static structure factor, S(q), of the 2HT membranes in the aqueous
dispersion at c2HT = 0.174 mol L−1 as a function of CaCl2 concentration in the range
of 0 ≤ csalt/mmol L−1 ≤ 44.5 deduced from the SAXS intensity, I(q), shown in Figure
4.10C–G using the modified Caillé model. The thickness pair-distance distribution
function, pt(r), and the electron density profile of the 2HT membranes are also
displayed in (B) and (C), respectively.㻌

4.3.5.

Interaction potential calculations

The drastic reduction of the dispersion viscosity upon addition of salt indicates that the
α-gel-to-MLV transition in the 2HT system is accompanied by a marked increase of the
reservoir volume fraction due to expelled (excess) solvent water. In view of the csaltdependent behavior of the dispersion viscosity (Figure 4.1B) and the interlayer spacing d
(Figure 4.11A), the present α-gel-to-MLV transition looks as if it is an unbound lamellarto-bound lamellar transition although it is still uncertain if the α-gel can be classified as
an unbound lamellar phase in a strict sense. The size of the innermost aqueous phase in a
MLV may also largely change depending on csalt. To model the interactions between the
2HT membranes, we calculate the interaction free energy for two flat surfaces per unit
area using three different potential models based on Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory [1,2,4], the Sogami-Ise theory [8–10], and an extended DLVO theory [61].
The total potential, VDLVO, between the surfaces can be described as the sum of two
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contributions, the van der Waals attraction, VA, and the electric double-layer repulsion,
VR as VDLVO = VA + VR, where
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A, h, δ, n, e, and ψ0 respectively denote the Hamaker constant, surface separation, the
bilayer thickness, number density of ions, charge of an electron, and surface potential
obtained from the equation, σ0 = (8NAIε0εmkBT)1/2sinh[eψ0/2kBT], where σ0 is the surface
charge density and I is the ionic strength. The van der Waals potential between two flat
surfaces, VA, has a distance dependence of VA ~ h−2 as indicated by equation (4.13),
thereby being inherently short-ranged and causing strong adhesion at a contact distance.
The strength and the screening of the electrostatic double-layer potential are mainly
determined by the surface charge density and the salinity of the intervening water,
respectively. Higher salt concentration results in the faster decay of the potential.
Monolayer compression isotherms of dialkyl dimethyl ammonium salt surfactants
indicated the headgroup area of ca. 60 Å2, whereas ca. 40 Å2 is obtained if all hydrocarbon
chains are assumed to be crystalline and packed into a hexagonal lattice having a repeat
distance of 4.2 Å.
We also tested Sogami-Ise potential, VSI, which assumes a weak long-range electrostatic
attraction mediated by the intermediate counterions [8–10],
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The depth of the potential minimum becomes shallower at higher salt concentration,
where the surface separation is smaller.
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Recently, Hishida and coworkers suggested the modified electric double layer interaction
potential, VDL, given by
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in which additional osmotic pressure arising from an ion concentration difference
between inner and outer aqueous phases separated by vesicle architecture is taken into
account [52]. The modified DLVO potential, Vmod-DLVO, is thus given by a sum of the van
der Waals and the modified electric double layer potentials as Vmod-DLVO = VA + VDL. They
claimed that this model can explain co-ion-valence effects on the lamellar repeat distance
between anionic bilayers.
The interaction free energies, VDLVO, VSI, and Vmod-DLVO, are shown in Figure 4.13 and
all parameters used in this calculation are listed in Tables 4.1, 4.2, and 4.3. The DLVO
potential, VDLVO, accounting for the attractive van der Waals and repulsive electric doublelayer forces, is shown in Figure 4.13A. Milner and Roux discussed the transition between
bound and unbound states of surfactant bilayers, which is controlled by the strength of
attractive van der Waals interactions [11]. They demonstrated that when the attractive van
der Waals interaction is strong enough (or the Hamaker constant, A, is large enough), the
potential may have a minimum at a finite surface separation. A bound lamellar phase
cannot be infinitely diluted, as it expels excess solvent when exceeding a certain maximal
dilution. In contrast, in the unbound regime, d is simply governed by the surfactant
concentration. With increasing A, a discontinuous phase transition from an unbound
lamellar phase to a bound lamellar phase coexisting with excess solvent occurs. However,
a distinct secondary minimum cannot be seen in the calculated DLVO potentials for the
2HT MLV bilayers at all investigated csalt values, which is a typical feature of an unbound
lamellar phase [11]. Therefore, the DLVO potential cannot explain the observed csalt84

dependence of the d values for the 2HT dispersions.
Next, we recall the Sogami–Ise potential, VSI, [8–10] which assumes a weak long-range
electrostatic attraction mediated by intermediate counterions in addition to an
intermediate range repulsion (Figure 4.13B). The predicted interlayer spacing from the
Sogami–Ise potential, dSI = hSI + d, where hSI is the surface separations corresponding to
the minimum in VSI and d ≈ 4.8 nm is the thickness of the 2HT bilayer, eventually
coincides with the experimentally obtained d values (Figure 4.11A). We note that as
shown in Figure 4.13B, the depth of the potential minimum in VSI becomes shallower at
a higher salt concentration, which predicts a more disordered state of the membrane’s
spatial distributions at a higher salt concentration. The observed destabilization of the
longer-ranged ordering of the membranes, as manifested by a decrease of Nd, at a higher
salt concentration is in fair agreement with the predictions of the Sogami–Ise model and
can be at least qualitatively explained by Figure 4.13B. This finding may indicate that a
weak long range attraction mediated by counterions is operative in the present systems
although the issue is open to debate [62].
The modified DLVO potential, Vmod-DLVO, is defined by a sum of the van der Waals and
the modified electric double layer potentials. According to this model, the potential
minimum becomes markedly deeper at a higher-salt concentration, which would result in
a highly ordered stacking state of the membranes at a higher salt concentration. However,
we observe the smallest N and Nd values with unexpectedly large values of η at high salt
concentrations, typically csalt > 25 mM, which is an indication of the destabilization of the
long-range order of the membranes at high csalt. The predicted d values from the position
of the potential minimum in Vmod-DLVO systematically overestimate the observed d values,
as shown in Figure 4.10A.
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Figure 4.13. Interaction free energy for two charged flat surfaces per unit area in an
aqueous electrolyte solution calculated based on (A) the Derjaguin-Landau-VerweyOverbeek (DLVO) model, VDLVO, (B) the Sogami-Ise model, VSI, and (C) the
modified DLVO model, Vmod-DLVO, as a function of surface separation of h.

Table. 4.1. Parameters used for calculating DLVO interaction free energy, VDLVO, for two
charged flat surfaces shown in Figure 4.13A.
Parameter

Value

1.38 u 10-23
permittivity of vacuum H0 [C / V m] 8.85 u 10-12
Avogadro number NA [mol-1]
6.02 u 1023
charge of an electron e [C]
1.60 u 10-19
78.36
(relative) permittivity of solvent Hm
Temperature T [K]
298.15
Boltzmann constant kB [J / K]

Hamaker constant A [J]
surface charge density V0 [C / m2]
layer thickness G [nm]
degree of counterion dissociation
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5 u 10-21
4.0 u 10-2
4.8
0.1

Table. 4.2. Parameters used for calculating effective potential of Sogami-Ise, VSI, for two
charged flat surfaces shown in Figure 4.13B.
Parameter

Value

Boltzmann constant kB [J / K]

1.38 u 10-23

permittivity of vacuum H0 [C / V m] 8.85 u 10-12
Avogadro number NA [mol-1]
6.02 u 1023
charge of an electron e [C]
1.60 u 10-19
78.36
(relative) permittivity of solventHm
Temperature T [K]
298.15
surface charge density V0 [C / m2]

4.0 u 10-2

Table. 4.3. Parameters used for calculating modified DLVO interaction free energy, VmodDLVO,

shown in Figure 4.13C.
Parameter

Value

Boltzmann constant kB [J / K]

1.38 u 10-23
8.85 u 10-12

permittivity of vacuum H0 [C / V m]
Avogadro number NA [mol-1]
charge of an electron e [C]
(relative) permittivity of solventHm
Temperature T [K]
Hamaker constant A [J]
maximum surface separation hmax [nm]
concentration of the counter ion originally stuck to 2HT U0 [mol/cm3]
valence of the ionic species Z
layer thickness G [nm]
degree of counterion dissociation

4.3.6.

6.02 u 1023
1.60 u 10-19
78.36
298.15
5 u 10-21
38.8
1.74 u 10-5
2
4.8
0.1

Interactions between the 2HT membranes

To further quantify the interplay between the experimentally obtained Caillé parameter,
η, and the interlayer spacing, d, we consider the electric double-layer repulsion and
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Helfrich undulation interaction. The Helfrich undulation interaction is among the nonDLVO forces arising from the steric hindrance of the out-of-plane fluctuations of flexible
membranes [7]. This leads to a long range repulsive force. According to Roux and Safinya
[21,22], the compression modulus for the undulation interaction, Bund, can be calculated
from the free energy per unit volume as
୳ܤ୬ୢ
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For systems in which interactions between the membranes are solely governed by the
Helfrich undulation interaction, the Caillé parameter, ηund, is simply given by
ߟ୳୬ୢ

Ͷ
ߜ ଶ
ൌ ൬ͳ െ ൰ ሺͶǤͳͺሻ
͵
݀

On the other hand, under the assumption that the compressibility of the system is
dominated by electrostatic interaction, the compression modulus, Belc, may be estimated
as [20,22,28]
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where Σ is the surface area of the surfactant molecule, α is the dissociation ratio of
counterions, and L is defined as L = πe2/ (εmkBT), lB = e2/(εmkBT) being called the Bjerrum
length and about 0.72 nm in water. Combining equations (4.11) and (4.19), the Caillé
parameter for such electrically stabilized systems, ηelc, at low salt concentration is given
by
ଵ
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When using equation (4.19) and (4.20), the bending modulus of a single membrane, kC,
has to be treated as an unknown parameter. Soubiran et al. [26] claimed that membranes
of cationic systems are far more rigid compared to the lamellar phase consisting of SDS,
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in which kC ~ kBT and consequently the undulation forces are thought to be dominant for
the interactions between lamellae. If this is the case, the thermal fluctuations may not
largely contribute to the stability of the membranes in a cationic lamellar phase, but they
are expected to be stabilized almost exclusively by the electrostatic double layer
repulsions, especially at low csalt values. According to Mitchell and Ninham [63], when
interactions between the membranes are exclusively dominated by electrostatic
interactions, the bending rigidity for low salt concentrations, kCLS , can be approximated
as
݇ୌ ൌ

ߝ ݇ ܶ ଶ
൬
൰ ሺͶǤʹͳሻ
ߨ߯ ݁

This gives, for instance, kCLS = 1.04kBT at csalt = 2.7 mmol L−1, where χ−1 = 2.3 nm.
In Figure 4.14, we present the experimentally determined η as a function of d, in which
the theoretically predicted ηund and ηelc are also shown. ηelc is calculated for kC = kBT, 5kBT,
10kBT, and kCLS. The α-gel shows η (≈ 0.2), which is rather close to the prediction from
the electric double-layer repulsion and kC ~ kBT. We observe that when the salt-induced
transition from α-gel to MLV occurs, η is markedly increased. The η value (≈ 0.35) at csalt
≈ 3 mmol L−1, which is considerably greater than ηelc with kC = kBT but is certainly smaller
than ηund, cannot be explained in terms of the purely repulsive models. As pointed out in
reference 11, attractive forces efficiently reduce the compression modulus B. Thus, the
presence of attraction may potentially result in an increase of η. Therefore, the results
indicate the operation of some attractive forces in the salt-added system. An additional
attractive interaction due to ion–ion correlation effects [4,12,14], i.e., correlations
between laterally mobile ions on the surface and those between ions in the diffuse double
layers, is predicted. Indeed, fluctuations of both laterally mobile ions and the vertically
diffusing ion cloud in the diffuse double-layers are detected by DRS. The
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multidimensional fluctuations of the counterions and their correlations appear to induce
extra attractive interactions that may cancel the double layer repulsion. Note that
substitution of kC = 5kBT or 10kBT gives far smaller ηelc values, which are no longer
comparable with the experimental η (Figure 4.14). As we have already shown, the least
undulating membranes are formed at csalt ≈ 10 mmol L−1. A further increase of salt
concentration to > 25 mmol L−1 leads to h < ~ 3 nm, where the double-layer theory may
not hold at such small separations, and highly disordered and far more undulating
membranes than those predicted by the Helfrich interaction are produced. We suggest that
the strongly undulating membrane formation at small separations should be partly related
to the dynamical properties of the hydrated counterions.
The minimum in the Sogami–Ise potential appears as a consequence of the long-ranged
weak attractive forces and the minimum becomes shallower at a higher salt concentration,
as shown in Figure 4.13B [8]. Suppose that different from this prediction, if the attractive
potential becomes deeper at a high salt concentration, the ordered structure should be
more stabilized by the electrostatic attraction with a higher salt concentration. However,
this is not the case for the present 2HT systems. Hachisu et al. [64] studied coexisting
ordered and disordered structures in monodisperse polystyrene latexes. They showed that
at a very low ion concentration, a stable iridescent (ordered) phase is formed, whose
interparticle distance far exceeds the range of the van der Waals attraction. However, with
increasing salt concentration, the ordered structure becomes unstable and the disordered
phase appears as a whitish supernatant. Despite the large difference of the systems, our
findings that the long-range ordering of the 2HT membranes most efficiently stabilized
at a relatively low salt concentration (csalt ≈ 10 mmol L−1) and is rapidly destabilized at a
higher salt concentration of csalt > ~ 25 mmol L−1 are practically in line with the
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observation of Hachisu et al [64].
When the surface separation reduces to less than 2–3 nm, hydration forces, known as an
extremely strong short-range repulsion induced by the presence of tightly bound water
molecules to ions or surfaces [3,4,6,13], are thought to be operative. Considering the size
of the hydration shell of the ions, which is typically less than but rather close to 1 nm, the
water layer between two membranes is mostly occupied by bound water molecules at
surface separations of about 1–2 nm observed at csalt > ~ 25 mmol L−1. However, in view
of the sharp increase of η with decreasing d, hydration forces do not suppress the
undulation fluctuation of the membranes. If the hydrating water layers are so strongly
bound, how can they generate highly undulating membranes, instead of making them
solid-like? This is likely to come either from the mobility of the bound ions themselves
as detected by DRS or the exchange of hydration water molecules between the
ions/surfaces.
We will further investigate these issues using different coions and counterions more
strongly and weakly bound to water molecules. The results will be reported elsewhere.
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Figure 4.14. The Caillé parameter, η, plotted as a function of the interlayer spacing,
d. The filled circles and the empty circle represent the experimental η values for the
MLVs and the α-gel, respectively. A dashed curve is drawn as an eye guide. The
theoretically predicted η values for the electric double-layer repulsion, ηelc, and the
Helfrich undulation interaction, ηund (line 1), are also shown for comparison. ηelc is
calculated for kC = kBT (line 3), 5kBT (line 4), 10kBT (line 5), and kCLS (line 2) using
equation (4.20). The vertical dashed line indicates the bilayer thickness, δ. An arrow
highlights a jump of η accompanying the salt-induced α-gel-to-MLV transition.

4.4. Conclusions
The observed salt-induced α-gel-to-MLV transition in a dispersion of dialkylchain
cationic surfactant (2HT), accompanied by a marked increase of the reservoir volume due
to expelled solvent water, leads to a drastic decrease of the dispersion viscosity. This
transition can be viewed as a pseudo unbound lamellar-to-bound lamellar transition,
which appears to be driven by a counterion-mediated weak long-range attraction between
the membranes although its generality and origin still need to be clarified. The DRS
results demonstrate that the counterions fluctuate both vertically and laterally at the
interface. The interference scattering observed in the small-angle regime was quantified
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by the modified Caillé model [24,25,27,58]. An experimental η value for the α-gel (≈ 0.2)
was found to be rather close to a predicted value from the electric double-layer repulsion.
When the α-gel-to-MLV transition occurs, η is markedly increased. The η value at a low
salt concentration cannot be explained without invoking weak long-range attractive forces.
We infer that the dynamic properties of hydrated counterions may induce extra attractive
forces between the membranes [4,12,14], which can lead to a reduction of B and the
consequent increase of η. λS/κ sharply depends on whether an aqueous phase is in a
permeable or an impermeable state. This clearly correlates with a drastic decrease of the
dispersion viscosity with csalt and its subsequent increase with a further increase of csalt.
The minimum of λS/κ appears at csalt ≈ 10 mmol L−1. Furthermore, the pronounced
minimum of ηund the maximum of N at csalt ≈ 10–20 mmol L−1 demonstrate that the
undulation fluctuation disorder of the MLV membranes is most efficiently suppressed and
the long-range ordering of the membranes is most stabilized under this salinity condition.
At csalt > 25 mmol L−1, where the small surface separation of less than 2.5 nm is attained,
highly disordered membranes are produced with no melting transition, which are far more
undulating than that the Helfrich interaction model predicts. The actual interactions
between the cationic membranes seem to be more complex than what is predicted by the
existing continuum models. Our data suggest that the hydration forces, known as a very
strong short-range repulsion caused by the presence of tightly bound water molecules to
ions or surfaces [3,4,6,13], do not suppress the undulation fluctuation of the membranes
under the present salinity conditions. The significant reduction of the bulk water
relaxation amplitude cannot be entirely attributed to the irrotationally bound water
molecules to ions and/or the interface, but it seems to come from depolarizing electric
fields induced by the MLV architectures, as suggested for phospholipid MLV dispersions
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[35]. This should be kept in mind when hydration effects in the MLV dispersions are
discussed.
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Chapter 5.
Intermolecular interactions and molecular dynamics in
bovine serum albumin solutions
We used small angle x-ray scattering (SAXS) and dielectric relaxation spectroscopy
(DRS) to clarify static structure and molecular dynamics of bovine serum albumin (BSA)
in solution. SAXS allowed us to access spatial correlations of the protein molecules in
concentrated solutions at different ionic strength. Using a well-established Fourier
inversion technique, called SQ-IFT, we deduced the effective pair correlation functions,
g(r)eff, from the effective (or experimental) structure factors, S(q)eff, without assuming
any potential models for protein-protein interactions. In terms of S(q)eff and g(r)eff, the
mean nearest-neighbor distance, d*, the osmotic compressibility, Nosm, and the
coordination number, NC, were evaluated.
The complex dielectric spectra of aqueous BSA solutions measured in the frequency
range from 1 MHz to 10 GHz were able to be decomposed into three relaxation processes
having different physical origins. The highest frequency process, whose relaxation time
was ca. 8 ps, was assigned to cooperative rearrangement of H-bond network of bulk water.
We evaluated the effective hydration number of a BSA molecule, Zhyd, using the bulk
water relaxation amplitude. This approach yielded ca. 1200 hydrated water molecules per
a BSA molecule, corresponding to ca. 0.3 g hydrated water per 1 g protein. The lowest
frequency process having a relaxation time of ca. 50 ns was assigned to rotational
diffusion of the BSA molecule. We confirmed that an effective molar volume of BSA
calculated with Stokes-Einstein-Debye equation was identical to that predicted from its
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molecular weight and specific density. According to the Kirkwood relationship, the
dipole-dipole orientational correlation factor decreased with an increase of protein
concentration, which indicated the operation of BSA-BSA interaction and favored
antiparallel dipolar correlation between the protein molecules.

5.1. Introduction
Interactions between protein macromolecules in solution are of central importance in a
number of areas, ranging from aggregation or segregation related to protein condensation
diseases to protein crystallography. Small angle scattering of x-rays (SAXS) and neutrons
(SANS) are highly efficient techniques to investigate protein-protein interactions in
solution, and have been used for a number of globular proteins [1–9]. For example,
Stradner et al. [1] discussed equilibrium cluster formation in concentrated lysozyme
solution in view of the appearance of low-q (scattering vector) sub-peak position in their
SANS structure factor. Conventional potential models, such as a hardsphre, a screened
Coulomb [5–6], and a more complicated Derjaguin-Landau-Verwey-Overbeek (DLVO)
potential model [2–4] have been applied to experimental scattering intensities of proteins
in solution. However, in some cases, these potential models cannot fully explain rich
behavior of proteins [7–9]. We infer that due to the complexity of structural features of
proteins, e.g., irregular shape, distributed hydrophobic and hydrophilic patches, and
inhomogeneous charge distributions, actual protein-protein interactions in solution may
not fulfill an isotropic interaction assumed in these well-known potential models.
Accordingly, we investigated spatial correlations of protein in solution at different ionic
strength varying concentration between 4.99 mg mL−1 and 263.6 mg mL−1 by means of
SAXS. Using an extended version of a well-established indirect Fourier transformation
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(IFT) technique, the so-called SQ-IFT, the SAXS data was analyzed without assuming
any potential models. Then, we tried to give an explanation of the structural quantities
obtained with SQ-IFT.
Dynamical properties of protein solution are also of critical importance for
understanding protein specific functions. Dielectric relaxation spectroscopy (DRS)
observes collective dynamics of solute and solvent molecules. In the frequency range
between 1 MHz and 10 GHz, two strong relaxation bands are observed for globular
protein solutions, which are generally assigned to the collective reorientation of bulk
water and rotational diffusion of the protein molecules. In addition, an intermediate
frequency process between these two is also resolved. However, its assignment to tightly
bound hydration water molecules is not yet very clear [10].
In this study, we investigated spatial correlations and molecular dynamics of bovine
serum albumin (BSA) in solution. BSA is the most abundant plasma protein in bovine’s
blood stream. BSA is a counterpart of human serum albumin (HSA), exhibiting 75.8 
identity. BSA architecture is predominately helical, consisting of three domains that create
heart-like shape. A primary function of BSA is transportation of hydrophobic molecules,
which is achieved by its nonspecific ligand binding capability [11]. BSA also serves as
an adjuster of colloid osmotic pressure (COP) of blood [11]. HSA showing isoelectric
point (pI) of 4.7 carries a net negative charge of about 18 electronic charges at
physiological pH [12]. BSA is also strongly negatively charged at physiological pH
because its isoelectric point is ca. 5.3 [13], which is rather close to that of HSA.
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5.2. Experimental Methods
5.2.1.

Materials

For SAXS experiments, bovine serum albumin (BSA) was purchased from SigmaAldrich (product No. A7030). Two sets of several BSA samples in Millipore water and in
0.15 M phosphate buffered saline (PBS) solution (pH = 7.4, GIBCO, Invitrogen) were
prepared. Protein concentration, c, was calculated from weight fraction of BSA in solution
and its partial specific volume (v = 0.733 and 0.741 cm3/g for BSA in aqueous solution
and in PBS solution, respectively, which were determined by densitometry. For DRS
experiments, the powdered BSA purchased from Wako Pure Chemical Industries (product
No. STM1969) was used as received. The solid BSA was dissolved in Millipore water.

5.2.2.

Small angle x-ray scattering (SAXS)

SAXS experiments on solutions of BSA were performed using a SAXSess camera
(Anton-Paar, Graz, Austria). A sealed tube anode x-ray generator (GE Inspection
Technologies, Germany) was operated at 40 kV and 50 mA. A focusing multilayer optics
and a block collimator provide an intense monochromatic primary beam (Cu KD radiation,

O = 0.1542 nm) with a well-defined line shape (20 mm u 300 Pm). A semi-transparent
beam stop enabled a measurement of an attenuated primary beam at zero scattering vector.
The samples were filled into a vacuum tight quartz capillary cell (ca. 1 mm I) and set in
a temperature controlled sample holder unit (TCS120, Anton Paar). Two-dimensional
(2D) scattering intensity distribution recorded by an imaging-plate (IP) detector was read
out by a Cyclone storage phosphor system (Perkin Elmer, USA). The 2D data was
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integrated into a 1D scattering intensity, I(q), as a function of the magnitude of the
scattering vector
ݍൌ

Ͷߨ
ሺߠΤʹሻሺͷǤͳሻ
ߣ

where T is the total scattering angle.
All I(q) data were normalized so as to have a uniform primary intensity at q = 0 for
transmission calibration. The back ground scattering contributions from capillary and
solvent were corrected. The absolute intensity calibration was made by referring to water
intensity as a secondary standard [14].

5.2.3.

Data Analysis

Small angle scattering of x-rays (SAXS) and neutrons (SANS) is a very efficient
technique to study interparticle interactions in solution. The scattering intensity, I(q), for
a concentrated colloidal dispersion is given by the product of the form factor, P(q), and
the static structure factor, S(q), as [15–17]
ܫሺݍሻ ൌ ݊ܲሺݍሻܵሺݍሻሺͷǤʹሻ
where n is the particle number density.
P(q) is a reciprocal-space function associated with the pair distance distribution function,
p(r), describing particle structure. These two functions are connected with each other via
Fourier transformation [15,18,19] as
ஶ

ܲሺݍሻ ൌ ͶɎ න ሺݎሻ


 ݎݍ
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On the other hand, the static structure factor, S(q), is also given by Fourier
transformation of the total correlation function, h(r) = g(r) − 1, as [20]
ஶ
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where g(r) is the pair correlation function describing spatial distribution of colloidal
particles.
If we measure a scattering intensity at very low protein concentration, where
intermolecular interactions can be neglected (S(q) | 1), the scattering curve exclusively
represents intramolecular structure of the protein. In such a case, equation (5.2) is
rewritten as
ܫሺݍሻ ൌ ݊ܲሺݍሻୣ୶୮ ሺͷǤͷሻ
where P(q)exp is the experimental form factor.
Once we get P(q)exp, the effective structure factor, S(q)eff, can be deduced by dividing
the concentration normalized intensity, I(q)/c, by P(q)exp as [21]
ܵሺݍሻୣ ൌ ܫሺݍሻȀܿܲሺݍሻୣ୶୮ ሺͷǤሻ
Using the relation given in equation (5.6), we transcribed S(q)eff into the effective pair
correlation function, g(r)eff, relying on indirect Fourier transformation (IFT) technique
[15,18]. We call such an interaction potential model-free analytical technique of static
structure factor SQ-IFT [21].

5.2.4.

Dielectric relaxation spectroscopy (DRS)

To obtain specific information about states of the proteins and water in aqueous BSA
solutions from a viewpoint of molecular dynamics, we determined complex dielectric
spectra, ε(כν) = ε′(ν) − iε″(ν), of aqueous BSA solutions at 25 qC in the frequency range
from 1 MHz to 10 GHz using time domain reflectometry (TDR) [22].
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5.3. Results and Discussion
5.3.1.

Spatial correlations of BSA

Using SAXS, we investigated spatial correlations of BSA at protein concentrations of
4.00  c / mg mL−1  264 in water and in 150 mM PBS solution. These solvent conditions
were chosen to minimize ionic strength and to achieve ionic strength and pH close to
physiological conditions, respectively. Figure 5.1(a) and (b) show the concentration
normalized scattering intensities of BSA, I(q)/c, in water and in 150 mM PBS solution at
25 qC on absolute scale. It is often the case that the maximum q value of SAXS and SANS
experiments is limited to 3–5 nm−1. In this study, we have extended the maximum q-range
to ca. 28 nm−1, covering a wide-angle regime. With increasing BSA concentration, we
observed a decrease of forward intensity and appearance of a protein-protein positional
correlation peak, which are manifestation of static structure factor, S(q). Such behavior is
more pronounced in water. To scrutinize these significant features, the effective structure
factor, S(q)eff, was extracted by dividing I(q) / c by the experimental form factor, P(q)exp,
determined at lowest c in PBS solution.
P(q)exp determined in PBS solution was also used for aqueous BSA to obtain S(q)eff
because in aqueous solution, intermolecular interference effects were not be perfectly
eliminated even at c = 4.99 mg mL−1 due to only weakly screened long-range electrostatic
repulsion. We found that conventional interaction potential models, such as hard sphere
interaction or screened Coulomb interaction, did not fully describe the shape of S(q)eff
(see Figure 5.1(c) and (d)). Even in PBS solution, S(q) | 1 at c = 4.99 mg mL−1 would not
be exact. Consequently, S(q)eff in the forward direction q  q* may slightly be
overestimated, where q* is the protein-protein positional correlation peak position, related
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to the mean nearest-neighbor distance between the proteins, d*, as d* | 2S / q*.
We transcribed S(q)eff into a real space function, i.e., the effective pair correlation
function, g(r)eff, without imposing any potential models using SQ-IFT technique [21],
which is based on the well-established IFT technique [18]. In this approach, we
approximated g(r)eff using superposition of N B-spline functions, IQ(r) (Q = 1, 2, …, N)
as
ே

݊ሾ݃ሺݎሻ െ ͳሿ ݎଶ ൌ  ܿఔ ߮ఔ ሺݎሻ ሺͷǤሻ
ఔୀଵ

Then, S(q)eff was fitted with the Fourier transformation of the superposed B-spline
functions given in equation (5.7)
ே
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where \Q(q) is Fourier transformation of IQ(r). In Figure 5.1, we show application of SQIFT to SAXS data for BSA in PBS solution and in water. The consequent g(r)eff functions
for BSA at different ionic strength are shown in Figures 5.1 (e) and (f) as a function of c.
We note that g(r)eff converges to unity for r → ∞, which indicates that the number density
at a high r region corresponds to the averaged number density, although the averaged
number density depends on the solute concentration.
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Figure 5.1. Effects of concentration and ionic strength on the spatial distributions of
BSA in solution as obtained by SAXS. The concentration normalized SAXS
intensities, I(q)/c, the experimental structure factors, S(q)eff, and the effective
(potential model-free) pair correlation functions, g(r)eff, of BSA at 25qC (a, c, e) in
water and (b, d, f) those in 150 mM PBS solution at pH = 7.4. g(r)eff was calculated
from S(q)eff with an extended IFT technique (SQ-IFT) via the potential model-free
route.
As shown in Figure 5.2, in terms of S(q)eff and g(r)eff, a set of three structural parameters
characterizing the BSA-BSA correlations in solution were calculated. The mean nearest-
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neighbor distance between BSAs, d*, was read out from the first peak position in g(r)eff,
which is systematically greater than those approximated as d* | 2S / q* by referring to the
peak position in S(q)eff, and is expected to be more accurate. The extrapolated structure
factors to zero scattering vector, S(qo0)eff are proportional to the osmotic compressibility
of the system, Nosm [23], and thus can be used as a measure of the net repulsive interaction
between the proteins, where the ‘net repulsive interaction’ involves the excluded volume
effect, the electrostatic repulsion, and a short-range attraction, which a number of globular
proteins have been shown to exhibit.
In PBS, d* slightly decreases with c, showing a linear-like behavior, and reaches a nearly
identical value with a maximum diameter of BSA (Dmax | 8 nm) at highest c. This
indicates that the BSA-BSA interactions in PBS become short-ranged because the salt
screens the electrostatic repulsion. In contrast, aqueous BSA exhibited far greater d* and
significantly smaller S(qo0)eff especially at low c, which demonstrates the stronger
electrostatic repulsion between the BSA molecules than that in PBS solution. This is
apparently due to a weaker screening effect of the electrostatic interactions at low ionic
strength. Moreover, in aqueous solution, d* decreased with c, holding a relation, d* v c−1/3.
We point out that these are typical behavior of charged colloidal systems at low ionic
strength because repulsively interacting charged colloidal particles in dispersion
maximize their average interparticle distance. At highest c (| 250 mg mL−1), both d* and
S(qo0)eff for aqueous BSA eventually converged to those in PBS solution.
Further, we extracted the coordination number, NC, from g(r)eff, which can be defined
by an integration of g(r)eff as
ౣ

ܰେ ൌ ͶɎ݊ න

݃ሺݎሻୣ  ݎଶ  ݎሺͷǤͻሻ



where rmin is the distance corresponding to the first local minimum in g(r)eff. We plot NC
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as a function of c (filled circles in Figure 5.2(c) and (d)). In PBS, NC monotonously
increases with c, approaching the value of close packing (NC | 12) at highest c. In contrast,
in aqueous solution, NC is almost independent of c, and the value is close to the
coordination number corresponding to close packing.
The markedly different c-dependence of NC in water and in PBS solution is a
manifestation of BSA-BSA spatial correlations influenced by different solvent conditions.
In PBS solution, NC is a rather straightforward increasing function of c which starts from
nearly zero at c = 0. The linear-like increase of NC with c, together with the nearly constant
d* values close to the maximum diameter of BSA, demonstrate that the number of (the
center of mass of) BSA molecules involved in almost invariable space (about 4/3 Srmin3 ~
7 u 103 nm3) is counted at all c to determine NC. Therefore, we judge that the observed cdependent behavior of NC and d* reflect increasing packing density in space having
constant volume, as illustrated in Figure 5.2(e). By contrast, NC is almost independent of
c in aqueous solution, in which we observed operation of only weakly screened longrange electrostatic repulsion between BSAs, manifested in the relation, d* v c−1/3, and
significantly smaller S(qo0)eff than that in PBS. Judging from these findings, there is no
clear structural change of the spatial distributions of BSAs, but shrinkage of the lattice
involving a nearly constant number of BSA molecules occurs. That is to say, NC exhibits
a nearly constant value corresponding to a random close pack at all c, as illustrated in
Figure 5.2(f).
The definition based on equation (5.9) provides us with the reasonable and realistic
values of NC with respect to the number of central BSA’s nearest neighbors. However, we
note that there are a couple of different definitions for evaluating NC in terms of the
integration of g(r) (Figure 5.2(c) and (d)), e.g., the integration up to the first peak position

108

(rmax) of g(r) (open square) and the integration up to twice longer distance than the first
peak position (2 × rmax) of g(r) (open triangle). NC deduced by using the definition
“integration up to the first peak position of g(r)” is roughly proportional to that calculated
from equation (5.9), but the values in themselves appear to be too small to be interpreted
as the number of the nearest neighbors. The definition, “integration up to twice longer
distance than the first peak position of g(r) (open triangle)”, resulted in unrealistically
great values of NC.
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(e)) water

(f) PBS

Figure 5.2. Effects of concentration and ionic strength on the protein-protein
interactions in BSA solutions. (a) The mean nearest neighbor distance between the
proteins, d*, evaluated from the primary peak position in g(r)eff, (b) the extrapolated
structure factors to zero scattering vector, S(qo0)eff, and the coordination number,
NC, (c) in water and (d) in PBS plotted as a function of BSA concentration, c.
Schematic pictures of possible structural correlations between BSAs (e) in water and
(f) in PBS are also shown. The green and light green areas represent the averaged and
lower number density, respectively.㻌

5.3.2.

Collective dynamics of aqueous BSA

Figure 5.3 shows the complex dielectric spectra of aqueous BSA in 10.0 d c / mg mL−1 d
50.53 at 25 qC in the frequency range of 0.001 d Q / GHz d 10. For a quantitative
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description of the experimental H Q spectra, we tested various conceivable relaxation
models based on a superposition of n Havriliak-Negami (HN) equations, or its variants,
using a non-linear least-squares fitting procedure. We found that a superposition of two
Debye (j = 1 and j = 2) and one Cole-Cole (j = 3) relaxation functions,
ߝ  כሺQሻ ൌ ߝஶ 

οߝଵ
οߝଶ
οߝଷ


ሺͷǤͳͲሻ
ͳ  ʹɎQ߬ଵ ͳ  ʹɎQ߬ଶ ͳ  ሺʹɎQ߬ଷ ሻஒయ

gave the best description to the spectra, where the jth dispersion step is defined by its
relaxation time, Wj (Wj ! Wj +1) and amplitude, 'Hj. Hf is the infinite frequency permittivity,
and Ej is the shape parameter representing symmetric broadening of the spectrum,
respectively. Wj and 'Hj of aqueous BSA solutions ( j = 1–3) are shown in Figure 5.4. These
relaxation processes j = 3, 2, and 1 will be dealt with in 5.3.3, 5.3.5, and 5.3.4, respectively.
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Figure 5.3. The dielectric dispersion, Hc Q , and absorption, Hs Q , spectra of aqueous
BSA solutions at 25 qC at different concentrations of (a) c = 10.0 mg mL−1, (b) c =
30.1 mg mL−1, and (c) c = 50.53 mg mL−1. The solid curves are calculated from
equation (5.10) based on the nonlinear least-squares fitting procedure.㻌
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Figure 5.4. (a) Dielectric relaxation amplitudes, 'Hj, and (b) relaxation times, Wj, of
aqueous BSA solutions at 25 qC for the BSA rotational diffusion (j = 1), the ‘unclear’
intermediate (j = 2), and the bulk water (j = 3) processes as a function of protein
concentration, c. Christcross symbols (u) shown together with 'H3 in the panel (a)
represent the ideal bulk water amplitude predicted from the analytical water
concentration under assumption that all water molecules in solution contribute to the
bulk water process (j =3). The data of pure water (c = 0) is referred from a reference
[24].㻌

5.3.3.

Hydration of the BSA molecules

The relaxation time of the highest frequency process, W3, is nearly identical with the Debye
relaxation time of bulk water, WD = 8.3 ps [24–28], and almost independent of the protein
concentration, c. Therefore, the process is clearly attributed to the cooperative H-bond
rearrangement dynamics of bulk-like water [24].
Using the experimentally obtained bulk water amplitude, 'H3, we evaluated the effective
hydration number of a BSA molecule, Zhyd. The generalized Cavell equation [29]
οߝ ൌ

ଶ
ܰ
݃ ߤீ
ߝ
ܿ ሺͷǤͳͳሻ
͵ሺߝ  ሺͳ െ ߝሻܣ ሻ ݇ ܶߝ ሺͳ െ ߙ ݂ ሻଶ 

connects the relaxation amplitude of the ith dispersion step, 'Hi, to the concentration of
the relaxation species, ci, where PGi is a gas-phase dipole moment, Di a polarizability, Ai
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the shape parameter of the reaction field, H the static permittivity, gi the dipole-dipole
correlation factor, kB the Boltzmann constant, NA the Avogadro’s number, H0 the vacuum
permittivity, fi the field factor defined as [29]
݂ ൌ

ͳ ʹߝ െ ʹ
ሺͷǤͳʹሻ
ͶɎߝ  ݎଷ ʹߝ  ͳ

Equation (5.11) normalized to pure water yields the apparent water concentration,
cwapp(c), at protein molar concentration c as
ଶ
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where 'Hw(0) = 72.5 and 'Hw(c) = 'H3(c). Assuming a spherical water molecule (Ai = 1 /
3) having a radius r = 0.1425 nm, a gas-phase dipole moment PGi = 1.85 D, and a
polarizability Di = 1.607×10-40 C m2 / V, the apparent water concentration of bulk water,
cwapp(c), i.e., the molar concentration of water molecules that can still contribute to the
bulk water relaxation process in solution, can be evaluated. Then we define Zhyd by
converting the difference between the apparent water concentration, cwapp(c), and the
analytical water concentration, cw(c), to the corresponding number of water molecules
per BSA molecule (Figure 5.4(c))
ୟ୮୮

ܼ୦୷ୢ ൌ ሾܿ୵ ሺܿሻ െ ܿ୵ ሺܿሻሿȀܿሺͷǤͳͶሻ
The mass of hydrated water molecule per unit mass (1 g) of protein, Mhyd, can be also
calculated as Mhyd = [Zhyd u Mw] / M, where Mw and M are molecular mass of water and
BSA, respectively. According to the definition of Zhyd given by equation (5.14), one can
interpret Zhyd as the number of water molecules that cannot contribute to the bulk water
relaxation process due to solvation effects.
As a result, we obtained 1.2 u 103 hydrated water molecules per BSA molecule, which
correspond to ca. 0.3 g of water per unit mass (1 g) of BSA (Figure 5.5). The value is
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broadly consistent with those obtained by thermodynamic measurements for globular
proteins (0.2  Mhyd / [g / 1 g protein] < 0.4) [30].
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Figure 5.5. The effective hydration number of a BSA molecule, Zhyd, as a function of
c. Reference to the right axes gives the effective mass of hydrated water molecules
per one gram protein, Mhyd. These quantities are calculated from the concentration
dependence of the bulk water relaxation amplitude, 'H3, based on the generalized
Cavell equation. Zhyd explains the number of water molecules that cannot contribute
to the bulk water process due to the solvation effect.㻌

5.3.4.

Rotational diffusion of BSA molecules

If dipoles relax by rotational diffusion, as is expected for BSA, the microscopic
relaxation time [31], W1c, is determined by the solution viscosity, K, and follows the
modified Stokes-Einstein-Debye (SED) equation [32,33]
߬ଵᇱ ൌ

ʹߝ  ߝஶǡଵ
͵ܸୣ ߟ
߬ଵ ൌ
ሺͷǤͳͷሻ
͵ߝ
݇ ܶ

where Hf,1 is the high-frequency limit of the j = 1 process. Since the identical relaxation
time, W1 | 51 ns, provides virtually identical effective molar volume of BSA, Veff | 4.6 u
104 cm3 mol-1 compared to 4.93 u 104 cm3 mol-1calculated from the partial specific
volume (Q = 0.7425 cm3 g-1) and the molecular weight (M = 66.4 kDa), this process is
assigned to the rotational diffusion of the BSA.
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On the other hand, the relaxation amplitude of the lowest frequency process showed an
upward convex curve with increasing protein concentration. If we interpret such behavior
based on Onsager-Onsley model, the effective dipole moment, Peff, of the BSA is a
decreasing function with c due to a decrease of the Kirkwood’s dipole-dipole orientational
correlation factor, g. This result indicates the operation of the BSA-BSA interaction and
favored antipararell dipolar correlations between protein molecules.

5.3.5.

An assignment of the intermediate frequency process

In previous DRS studies, the intermediate frequency process of protein solution centered
at ca. 500 MHz was assigned to kinetics of hydrated water. These studies suggested that
such tightly bound water molecules should interact with the protein surface and exhibit a
nanosecond relaxation time [34–37]. In this study, the relaxation time of the intermediate
frequency process is evaluated to ca. 5 ns, which is nearly identical with that of tightly
bound water according to the previous classification. However, this assignment may
imply approximately thousand times slower reorientation of hydrated water molecules
than that of bulk water. Recent NMR studies and molecular dynamics simulations [38–
40] may call for a different interpretation of this relaxation process. These studies
concluded that the rotational relaxation of water in the vicinity of a globular protein was
less than 10 times slower than that of the bulk water. Therefore, the intermediate
frequency process may not be directly linked with very slow motions of strongly bound
water molecules, but rather may arise from some coupled protein−water motions. We also
point out that the relaxation time (~ 5 ns) is nearly identical with those of counter ion
fluctuations observed in a dispersion of charged colloidal particles having similar size to
globular proteins [41,42]. We will try to renovate the assignment of the intermediate
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process by precisely controlling ionic concentration.

5.4. Conclusions
In this study, we have revealed the spatial correlations and corrective dynamics of BSA
using SAXS and DRS. First, we investigated spatial correlations of BSA in solution using
an interaction potential model-free analysis of experimental static structure factor, S(q)eff
(SQ-IFT). Such approach is advantageous especially when S(q)eff of proteins is fairly
different from those predicted for the conventional interaction models, as observed for
BSA. g(r)eff was calculated from S(q)eff, which allowed us to access three independent
structural quantities, the mean nearest-neighbor distance between the BSA molecules, the
osmotic compressibility of the system, and the coordination number of BSA. From the
viewpoint of these structural features, especially the coordination number, NC, we were
able to understand how the spatial correlations of BSA depended on solvent ionic strength.
In PBS solution, screened electrostatic repulsion, manifested in the nearly constant d*
values, led to the linear-like increase of NC with c, which was interpreted as an increase
of packing density with increasing c. In aqueous solution, NC exhibits a nearly constant
value around that of a random close pack. This was due to the operation of an only weakly
screened long-range electrostatic repulsive interaction, which was reflected in the relation,
d* v c−1/3, and significantly smaller S(qo0)eff than that in PBS. These findings
demonstrated that there was no clear structural change of the spatial distributions of BSAs,
but shrinkage of the lattice involving a nearly constant number of BSA molecules
occurred.
In DRS study, we evaluated hydration number of a BSA molecule using the bulk water
relaxation amplitude. The result was broadly consistent with those obtained by
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thermodynamic measurements [30], yielding ca. 0.3 g hydrated water per unit mass (1 g)
of BSA at c o 0. The lowest frequency process showing a relaxation time of ca. 50 ns
was assigned to rotational diffusion of BSA. The concentration dependence of the
relaxation amplitude given rise to by the BSA rotational diffusion indicated operation of
BSA-BSA interaction even at low c  50 mg mL−1 and favored antipararell dipolar
correlations between the BSA molecules. The relaxation amplitude of the intermediate
frequency process rapidly grew with an increase of c. The relaxation time of this process
was close to that of ‘tightly bound water’ according to the interpretation given in previous
DRS studies [34–37]. However, the solid assignment still remains to be given. In future
works, we will examine effects of counter ion fluctuations around protein molecules.
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Chapter 6. Conclusions
6.1. Summary
In this section, I recapitulate the representative and specific results of the research
presented in this thesis. In my doctoral study, I have extended the knowledge of how static
structure and cooperative dynamics occurring in the mesoscopic length scales are related
to macroscopic physical properties in a series of soft materials, such as thermo-responsive
polymer, dialkyl chain cationic surfactant, and natural globular protein, in aqueous media.
In order to clarify the mesoscopic structure involving cooperative dynamics of ions,
solute, and solvent molecules, I have used simultaneous small- and wide-angle x-ray
scattering (SWAXS) covering the length scale typically between 0.2 and 100 nm and
dielectric relaxation spectroscopy (DRS) in the microwave-to-millimeter wave frequency
region. This combination has been proven to be very efficient to deepen the mesoscopic
paradigm.
In chapter 1, I summarize previous representative works on soft complex systems, such
as thermo-responsive polymers and gels, bilayer membranes, and protein-protein
interactions, and have given a brief description of the essential meanings and the major
purpose of this research.
In chapter 2, I have explained the theoretical background of the scattering and
spectroscopic techniques and the experimental methods and analyses used in this work.
In chapter 3, I have discussed microscopic aspects of the phase transition of poly(Nisopropylacrylamide) (pNIPAm) in aqueous media, providing the experimental evidence
that critical fluctuations and dehydration of the pNIPAm chains are closely coupled. I

121

point out that the diverging behavior of the length scale and the magnitude of the density
fluctuation arising from the swollen coil polymer network indicates the segregation of the
system into nanometer-sized polymer-rich and water-rich domains. I have unambiguously
demonstrated that the low-q peak, whose length scale is far greater than that of the intrachain radial distributions, originates from the intrinsic density fluctuations reflecting the
globule state of pNIPAm. Importantly, the microglobules already exist in the one-phase
region far below spinodal temperature TS. Besides the ordinary (density) order parameter,
which generally monitor the phase states, the local number density of these microglobules
acts as a counterpart of the ordinary order parameter. In other words, it should be
identified as a microscopic order parameter governing the phase transition of aqueous
pNIPAm solution. I have also settled a pending issue when using small-angle neutron
scattering (SANS), namely the solvent deuterium isotope effects on the critical behavior
of pNIPAm in aqueous media. I have been able to clearly show similarity and substantial
difference of the critical fluctuation of pNIPAm in H2O and D2O, observing about 1 K
higher TS in D2O and almost identical critical exponents independent the solvent
conditions.
In chapter 4, I have focused on the interplay between the salt-induced drastic reduction
of the dispersion viscosity of water/dialkylchain cationic surfactant (2HT) systems and
the underlying intermembrane interactions and counterion fluctuations at the interface.
Industrially, inorganic salts are known as viscosity modifiers for dialkylchain cationic
surfactant dispersions, which play an important role in the formulation of base materials
of fabric softeners. I have revealed that the α-gel-to-multi lamellar vesicle (MLV)
transition upon addition of a tiny amount of salt is caused by the exclusion of a large
amount of solvent water confined between the bilayer membranes in the lamellar gel
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phase. As a result of the Grosse analysis of the relaxation amplitude reflecting the
counterion fluctuations in the vicinity of the membrane surface, during the α-gel-to-MLV
transition, not only the conductivity, N, of the dispersion exhibits a sharp increase but a
pronounced decrease of OS/N, where OS is the surface conductivity at the interface, is
closely coupled to the drastic reduction of the dispersion viscosity. These findings
strongly indicates the α-gel-to-MLV transition is accompanied by the change of the
percolation state of the system, i.e., the transition from impermeable to permeable states
of the outer aqueous phase. Although the α-gel-MLV transition can be regarded as a
pseudo unbound lamella-to-bound lamella transition, the slat-concentration dependent
interlayer spacing cannot be explained by van der Waals attraction. The SAXS analysis
based on the modified Caillé theory has quantified the intermembrane interactions
involving the undulation fluctuation disorder (UFD) of the membranes. The data have
revealed that a weak long-range attractive force is operative and the hydration forces do
not suppress the undulation fluctuation of the membranes. I have pointed out that in view
of the strikingly and unlikely small bulk water relaxation amplitudes, the reduction of the
internal electric field acting on the interlamellar water should be taken into account in
addition to the effects of genuine hydration of ions and surfactant molecules when
hydration effects in the charged bilayer systems like α-gels and MLVs are discussed.
In chapter 5, I have investigated on the intermolecular interactions bovine serum
albumin (BSA) in solution. BSA is a stereotype of human serum albumin (HSA),
preserving colloid osmotic pressure (COP) of blood and transporting water insoluble
molecules in vivo. In detail, I have discussed effects of solvent ionic strength and protein
concentration on the BSA-BSA interactions. I have found that the dielectric relaxation
amplitude assigned to the BSA rotational diffusion decreases with increasing BSA
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concentration, cBSA. The fact indicates operation of rotationally anisotropic BSA-BSA
interactions in which antipararell dipolar correlations of the BSA molecules are favored.
This implies that use of isotropic interaction potential models for the structure factor
analysis in SAXS experiments is not necessarily appropriate. Spatial correlations of BSA
in solution is scrutinized by using a structure-factor indirect Fourier transformation (SQIFT), an interaction potential model-free Fourier inversion analysis of the experimental
static structure factor, S(q)eff, defined as the normalized SAXS intensity divided by the
experimental form factor. The resulting g(r)eff allows us to access two independent
structural quantities, the mean nearest-neighbor distance between the BSA molecules, d*,
and the coordination number of BSA, NC. The yielded quantities have revealed how the
spatial correlations of BSA depend on cBSA and solvent ionic strength. In the high ionic
strength solvent (150mM PBS solution), d* depends hardly on the cBSA, whereas only NC
increases approximately in proportion to cBSA. These observations are interpreted as an
increase of the packing density of BSA molecules with increasing cBSA because of
efficiently screened long-range electrostatic repulsion. In contrast, in the low ionic
strength solvent (water), d* decreases with cBSA roughly obeying d* v cBSA −1/3 while NC
remains nearly constant. The hydration number evaluated from the bulk water amplitude
based on the Cavell theory also decreases with cBSA as the hydration shells of different
BSA molecules overlap. The osmotic compressibility, S(qo0)eff, is found to be
significantly smaller than that in the high ionic strength solvent due to the operation of
only weakly screened long-range electrostatic repulsion. These findings have
demonstrated shrinkage of the coordination shell with cBSA while preserving NC.

In chapter 6, I have summarized the results of the research done in my doctoral work
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and described future prospects of a possible expansion and developments of this research.

6.2. Future Prospects
6.2.1.

Polymer system

Coexistence of alcohols [1, 2] and inorganic salts [3] affects the phase behavior of
aqueous pNIPAm solution. For instance, pNIPAm is soluble in water and methanol at
room temperature but a mixture of these two good solvents becomes a poor solvent
depending on the solvent composition. This phenomenon is called cononsolvency.
Analogously, the volume-phase transition (VPT) of pNIPAm-based gels from a swollen
state to a collapsed state is induced by adding alcohols or other organic molecules like
acetone and DMSO at constant temperature [4]. Understanding the behavior of
macromolecules in a multi-component solvent give useful information about the in vivo
environment. However, the microscopic origin of these intriguing phenomena still
remains elusive and controversy. Tanaka et al. proposed a competitive hydrogen bonding
picture, in which competitive hydrogen bond formation of water and methanol molecules
with the polymer chain causes the cononsolvency of pNIPAm [5]. Trappe and co-workers
argued that the mean energetic state of the aqueous medium determines hydrophobic
hydration of pNIPAm that governs the phase transition of pNIPAm [6]. To settle the
dispute about the underlying mechanisms of the cononsolvency, it is highly desirable to
quantify the solvation number of water and alcohol molecules as a function of temperature
and solvent composition, which may be able to done by extending very accurate DRS
experiments performed in this study. I also expect from the results and findings of the
pNIPAm/water systems presented in this thesis that monitoring how the local number
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density of the microglobules, i.e., the microscopic order parameter identified in this study,
changes during the transitions should give further microscopic structural insights into the
cononsolvency phenomena. In addition, these strategies can be applied to all kinds of the
thermo-responsive polymers, such as poly(N-isopropylmethacrylamide) and poly(Nalkylacrylamide), and thermo-responsive gels synthesized by crosslinking these polymers.

6.2.2.

Bilayer system

Although I have obtained detailed information about the effects of CaCl2 on the
membrane-membrane interactions in the MLV dispersion of dialkyl chain cationic
surfactant (2HT), we need to extend the present knowledge to the effects of other
inorganic salt additives, in which the influence of the valency of co-ions should be
investigated by using NaCl and KCl. If we use other quaternary ammonium salt
surfactants like dialkyl ammonium bromide, instead of dialkyl ammonium chloride, we
can also investigate the effects of different counterions. Incorporation of coil polymers or
other surfactant molecules into the interlamellar aqueous phase also alter intermembrane
interactions [7, 8], the latter being known to be efficient to improve dispersion stability
of MLVs [9, 10]. Such effects should be also interesting and important both scientifically
and industrially. By comprehensively examining all these factors, we will be able to
clarify the origin of the weak long-range attraction that is necessary to be invoked for
explaining the observed structural properties; its generality should be confirmed.
Phospholipids, such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), having two fatty acids and a
phosphate ester moiety in their molecular structure form lipid bilayers because of their
amphiphilic nature and the molecular architecture [11, 12]. Phospholipids serve as a major
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component of cell membranes and also form uni-lamellar or multi-lamellar vesicles
depending on the preparation conditions. If we extend the present methods established in
this study, we will be able to reveal membrane-membrane interactions of lipid bilayers
(in particular targeting undulation fluctuation disorder), ion fluctuation at the interface,
and hydration effects depending on temperature, lipid concentration, ionic strength of
solvent, and types of co-existing ion species for different phases, e.g., a lamellar
crystalline phase (LC), a lamellar gel phase (Lβ) and a ripple gel phase (Pβʹ), and liquid
crystal phase (Lα).
In this study, effects of the depolarizing electric fields and genuine hydration inferred
from the strikingly small bulk water relaxation amplitude observed in aqueous 2HT
dispersions are not able to be separated in a quantitative manner. To overcome this issue,
quantification of the internal electric field created from the charged membranes should
be considered based on the theory proposed by Steinhauser [13].

6.2.3.

Protein system

The successful application of the SQ-IFT technique to aqueous BSA solutions highlight
its eminent efficiency for visualizing spatial distributions of proteins in real space. If we
use a Fourier inversion technique for dilute systems in a more conventional way, this can
of course be an excellent tool to pursue a polymerization process of proteins and the
structure of protein assemblies.
The cooperative nature of protein molecules may play an important role for their
biological functions; it is presumed that in a broad sense, protein specific biological
functions are to be maintained by a broad protein interaction including the hydration state
of the protein molecules. Contingent modulation of the protein-protein interactions may
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cause protein condensation diseases, such as sickle-cell anemia [14], cataract [15], and
Alzheimer's disease [16]. Therefore, the present study should be expanded to diverse
globular protein systems in solution for gaining deeper physical insights into the
intermolecular interactions between globular protein molecules in solution and their
modification responding to external conditions.
It has been recognized that lysozyme in solution exhibits a highly eccentric shape of
static structure factors. There has long been controversy over the presence or absence of
the equilibrium cluster formation, which may result from a co-existing short range
attraction and long range repulsion between lysozyme molecules in solution at relatively
low ionic strength [17–19]. Recently, the scattering theory on fractal structures built up
by the cluster was developed [20]. An elaborate analysis of accurately measured
experimental structure factors of lysozyme by combining SQ-IFT and this theory may
settle these issues.

6.2.4.

Hydrogen-bonding liquid dynamics

From biological, technological, and industrial viewpoints, there is no doubt that water
is the most vital solvent on earth. It is not an exaggeration to declare that fullunderstanding the nature of water is the final goal of my present and future studies. At the
end of my thesis, I briefly touch on my current works on hydrogen-bond (H-bond) liquid
dynamics, in which dielectric spectroscopy [21] and Raman-induced Kerr effect
spectroscopy (RIKES) [22, 23] are combined. I wish that the developments of this project
should

clarify

how

collective

motions

of

molecules

manifested

as

a

mesoscopic/macroscopic relaxation process is related to an underlying dynamical
elementary process, drastically improving our understanding of the H-bond liquid
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dynamics.
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