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Abstract
Radial distribution functions are commonly used to represent

the structures of solutions, which represent the probability of
finding another atom in the shell at a distance r from the atom
of interest. This method has been used to study the structures
of many non-crystalline materials. However, the information
gained in this method is microscopic, and is limited to the first
or second nearest neighbors from the featured atom. The
present author proposed a completely different method to de-
scribe the solution structure by expressing the inhomogeneity
in distribution of atoms and molecules and in concentration as
“density fluctuation” and “concentration fluctuation”, respec-
tively; namely the structure of a solution is described in terms
of the “mixing state” or “mixing scheme.” This paper intro-
duces density fluctuation and concentration fluctuation, as well
as Kirkwood-Buff Integrals. Fluctuations of solutions become
more pronounced in the mesoscale region. The relationship
with solution thermodynamics, which represents the macro-
scopic limit, is also discussed. The features and cautions of
experiments to measure the fluctuations are described. Finally,
as analytical examples, temperature and concentration depen-
dences of mixing schemes for two solution systems with upper
critical and lower critical solution temperatures are presented.

Keywords: Concentration fluctuation j Kirkwood-Buff integral j
Mesoscopic

1. Introduction

Fluctuation is a concept to describe deviations from the aver-
age. Spatial deviations (static fluctuations) and time-dependent
deviations (dynamic fluctuations) determine the structure and
properties of a system, and become driving forces for the
following time-evolution. Studies based on the concept of
fluctuation have been carried out in various research fields such
as biological science,15 cosmological physics6,7 and materials
science of complex systems.810 Compared with the other two
fields, fluctuation has not garnered much attention in the field
of materials science.

In materials science, remarkable phenomena related to
fluctuations can be observed in the mixing states of solutions,
molecular distribution near the critical point, and the time
evolution of a phase change. Static fluctuations (fluctuations in
number density and concentration) of binary non-crystalline
materials are obtained via scattering experiments combined with
structure factors, as proposed by Bhatia and Thornton.11 The
BhatiaThornton theory introduces three types of structure
factors for a binary system which are defined as the Fourier
transforms of the deviations in the number density, concen-
tration, and their cross term in real space. This theory can be
used to successfully describe the structural inhomogeneity of
binary amorphous solids and alloys in a new way, compared
to the familiar structural description using pair correlation
functions.9,12

Structural science based on scattering phenomena of non-
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crystalline materials, whether experimental or theoretical, is
constructed for spherically symmetric scatterers, namely atoms.
For a molecular system, molecules need to be approximated to
have spherical symmetry, because they are composed of multi-
ple scatterers and are directional. However, in some cases, it
is possible to read molecules as atoms. As derived by Bhatia
and Thornton,11 their structure factors at s¼ 0 are related to
the density and concentration fluctuations defined in thermo-
dynamics and statistical mechanics,13 where the scattering
parameter s is the absolute value of scattering vector ~s (s =
4πsinª/; 2ª is the scattering angle and  is the wavelength of
the incident radiation). The scattering experiments of s¼ 0
correspond to a light scattering experiment and small-angle
scattering one of X-rays or neutrons. When s¼ 0, the above-
mentioned particles, whether atoms or molecules, can be
regarded as points, because there is no phase difference in the
scattered wave that is dependent on the size of the scatterer.
This means that the BhatiaThornton theory can be applied to
molecular systems. We showed that this theory can be used to
investigate the inhomogeneity of molecular solutions in mix-
ing.1418 Following that idea, this theory has been applied to
investigate the inhomogeneity of solutions under ambient
conditions,15,1929 near liquidliquid critical points,3035 and in
supercritical states.3638 Typical examples are as follows: aque-
ous solution of (aq.) t-butanol,15,19,20 aq. 1-propanol,21,24 aq. 2-
propanol,21 aq. ethanol,22 aq. methanol,23 aq. 3-methypyri-
dine,25 aq. pyridine,26 aq. tetramethylurea,27 aq. 1-buthyl-3-
methylimidazolium tetrafluoroborate,28 aq. 2,2,2-trifluoroetha-
nol,29 aq. 2-butoxyethanol up to the liquid-liquid critical
point,30 aq. 2-butoxyethanol near the liquidliquid critical
point,31 aq. acetonitrile down to the liquid-liquid critical
point32,33 aq. tetrabutylphosphonium trifluoroacetate up to the
liquidliquid critical point,34,35 aq. methanol in subcritical
state,36 and n-pentane and water in supercritical state.37,38

In the present paper, the unique perspectives of represent-
ing solution structure based on the concept of fluctuations are
reviewed, which explicitly describes the inhomogeneity of
mixing. In Section 2, a summary is given on how to express the
structure of a solution, including the concept of fluctuations and
their formulations, compared with radial distribution functions.
Sections 3 and 4 detail the relationship between the density and
concentration fluctuations with scattering intensity and the rela-
tionship between fluctuations and the KirkwoodBuff integrals
(KBIs), respectively. Fluctuations are obtained by thermody-
namic measurements and small-angle scattering experiments.
Focusing on the latter, the features and cautions of the experi-
ments are summarized in Section 5. Two examples are present-
ed in Section 6; one is an aqueous solution of acetonitrile with
an upper critical solution temperature (UCST)32 and the other is
an aqueous solution of tetrabutylphosphonium trifluoroacetate
([P4444]CF3COO) with a lower critical solution temperature
(LCST).34,35 The two series of the samples are interesting
because of their unique mixing states, and therefore can be
effectively investigated by analysis of their fluctuations rather
than by standard analysis of their radial distribution functions.

2. Expression of Solution Structures

2.1 Pair Correlation Function and Radial Distribution
Function. The most popular way of describing the structures

of non-crystalline materials, such as amorphous solids, liquids,
or solutions, is using pair correlation functions gi j (r) or radial
distribution functions 4πr2gi j (r). The pair correlation function,
gi j (r), denotes the probability of finding an atom of type i in a
volume element at a distance r from the center of an atom of
type j. Usually, gi j (r) is measured via diffraction experiments,
namely scattering intensity measurements ranging over a wide
reciprocal space, and via a measurement of the X-ray absorp-
tion coefficient near the absorption edge of the atom of interest,
namely extended X-ray absorption fine structure (EXAFS)
spectroscopy. These methods have been applied to many non-
crystalline materials and have provided useful information on
their structures, especially atomic systems9,12 and ions in water
in the case that the concept of a central atom is explicit.39,40

However, the information is microscopic and is limited to the
first or second nearest neighbors from the central atom j.
Furthermore, gi j (r) is the structure description that defines the
distance between atom j and its neighboring atom i.

From here, a summary is given of the description of the
structure of a non-crystalline material based on fluctuations,
where the two concepts that differ from the pair correlation
function are summarized in 2.2 and 2.3. A two-component
system is adopted, which consists of two types of particles,
denoted as i and j. As mentioned later in detail, although
particles are generally atoms, it is possible to read atoms as
molecules in small-angle scattering experimental data.

2.2 Kirkwood-Buff Integrals. KirkwoodBuff integrals
(KBIs), Gi j, are defined in terms of pair correlation functions
(gi j (r)) between particles of i and j41 as follows:

Gij ¼
Z 1

0

½gijðrÞ � 1�4³r2dr: (2.1)

In the paper,41 Kirkwood and Buff showed that several types of
thermodynamic variables are related to the KBIs. A study by
Ben-Naim42 can be regarded as the first milestone of KB theory
applied to solution chemistry. In that study, the importance of
KBIs in solution chemistry was detailed and a method was
given to obtain the KBIs of a two-component solution from
three types of thermodynamic values, @2G=@c2 or @®i=@ni, ¯i,
and ¬T, where G is the Gibbs energy, ®i is the chemical poten-
tial of the component i, ci is the concentration described by the
molar fraction of component i, ni is the number of the com-
ponent i, vi is the partial molar volume of the component i, and
¬T is the isothermal compressibility. For a two-component
system, there are three terms, Gii, Gjj and Gi j, which were
described by Ben-Naim using the following equations:4244

Gij ¼ kBT¬T � ¯i
¯j

� ��
ðD¯Þ ði 6¼ jÞ (2.2)

Gii ¼ Gij þ
¯i
D

� ¯
� ��

ci (2.3)

D ¼ c
@2G

@c2

� �
T;P;N

�
kBT: (2.4)

In eqs (2.2) and (2.3), ¯ is defined as:

¯ ¼ VM=NAv; (2.5)

where VM is the molar volume of the solution and NAv is
Avogadro’s number. As described by eq (2.1), Gi j is the inte-
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gral over all the space for the difference in the pair correlation
function gi j (r) from its convergence value (= 1.0). In this
sense, the KBIs can be regarded as an expression of fluctuation.
Gi j is the quantity that mediates between microscopic structures
gi j (r) and macroscopic thermodynamic quantities. Ben-Naim
applied the KBIs to discuss the mixing state of an aqueous
solution of C2H5OH.42

After that work, some studies were reported on the solution
of molecular liquids with a relatively low molecular
weight.45,46 The second milestone in KB theory was a sys-
tematic study by Matteoli and Lepori, in which the concentra-
tion dependences of KBIs for 14 aqueous solutions of organic
compounds were reported.47 Although Donkersloot mentioned
that the KB theory did not receive as much attention and the
virtues of the theory were not completely recognized,45 the KB
theory has now become one of the basic expressions of solution
chemistry followed by comprehensive studies by Marcus4851

and Smith.10,5263 In a review paper, Marcus listed KBIs for 18
completely miscible aqueous co-solvent binary mixtures.50

Smith et al. theoretically developed the KB theory in vigorous
and systematic applications, such as the biomolecular sys-
tems,52,54,56 the evaluation of the force fields of mole-
cules,53,55,59 and formulation of KBIs for the solutions with
more than two components.58,60,63

All of the KBIs in the studies mentioned thus far in this
section were obtained from thermodynamic quantities only,
namely the second derivative of the Gibbs energy (@2G=@c2) or
the derivative of the chemical potential (@®i=@ni), isothermal
compressibility (¬T), and partial molar volume (vi and vj).
Among them, the quantity that is hard to obtain experimentally
with enough precision is @2G=@c2 or @®i=@ni. After showing
that @2G=@c2 is related to the concentration fluctuation11 and
then KBIs,14 the Almásy group obtained KBIs for a binary
solution using zero-angle neutron or X-ray scattering inten-
sities, which were experimentally obtained, rather than using
@2G=@c2 or @®i=@ni.

2528

2.3 Density and Concentration Fluctuations.11,14,15 This
section outlines an explicit description for the inhomogeneity
in the distribution of particles (atoms or molecules), which is
based on the concept in structural chemistry of non-crystalline
materials.

Figure 1 shows images of the disordered distributions of
particles. Figure 1(a) shows an image of a one-component sys-
tem, wherein there are very large fluctuations in the distribution
of the particles; more specifically, the particle distribution near
the critical point is imagined. In a system with such great inho-

mogeneity, it is thought to be meaningless to find regularity or
an averaged structure in the system, and instead essential to
express the inhomogeneity as it is. Let us imagine a space of
volume V in which N particles are contained, as shown in
Figure 1(a). In this space, the number of particles always fluc-
tuates as it is dependent not only on the position of the space,
but also on the passing of time. Therefore, it is reasonable to
assume that the particle number deviates from the average in V.
With the deviation in the particle number, ¦N (= N ¹ �N), the
fluctuations are given by ©(¦N )2ª, where ©Nª or �N represents
the averaged value of N. ©(¦N )2ª is an extensive variable and
its value depends on the size of V, namely �N. To express the
value as an intensive variable, it is necesarry to divide it by �N.
The value of ©(¦N )2ª/ �N is defined as the density fluctuation.
The description of a structure using density fluctuation allows
the structural analysis of supercritical fluids.6467

Figures 1(b) and (c) show schematic diagrams that describe
the concentration fluctuations in a two-component system, in
which two types of particles, i and j (shown in yellow and blue,
respectively), are distributed. Figure 1(b) shows a random
distribution of the two types of particles, whereas Figure 1(c)
shows a schematic model in which the yellow particles form
clusters. In the same way as defined for the density fluctuation
of a one-component system, the deviation in the concentra-
tion from the averaged value in space with volume V is
¦c = ðc� �cÞ, and the concentration fluctuation is defined as
�Nhð�cÞ2i = �Nhðc� �cÞ2i, where c is the mole fraction of one
of the components. Here, multiplication by �N is understood to
change the extensive variable (¦c)2 to an intensive one.
Figure 1(b) and (c) schematically represent systems with a
small and large fluctuations in concentration, respectively.

Figure 2 shows a schematic diagram of the fluctuations in
density of a two-component system. As shown in Figure 2(a),
the fluctuation in density for a two-component system can be
defined in the same way as for a one-component system. In this
case, however, it is the density fluctuation without the dis-
tinction of the types of particles involved. Figures 2(b) and (c)
show diagrams of the distributions of only species i and only
species j, respectively. In this way, individual fluctuations in
density can be defined.14 Such fluctuations are obtained from
zero-angle X-ray or neutron scattering intensity with the aid of
two types of thermodynamic quantities. The formularization of
such fluctuations will be covered in Section 3.

The question that then arises is how large the volume V is in
an actual experiment. It is thought that the size corresponds to
the coherent length of radiation used in the experiment. In the

Figure 1. Images of the disordered distributions of particles. Each particle represents a molecule. (a): one-component system.
(b): binary system, where two kinds of molecules mixed randomly. (c): binary system, where the same species form clusters.
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case of regular X-ray experiments, the size may be longer than
104¡, and the coherent length used in SOR (Synchrotron
Orbital Radiation) may be much longer. Therefore, there are
no issues in investigating the fluctuation of usual disordered
material systems.

2.4 Fluctuations from the Viewpoint of Hierarchy in
Thermodynamic Variables. Koga put forward a differential
approach in solution thermodynamics68 and presented a table
(Koga table) of thermodynamic variables. In this table, the
hierarchy of thermodynamic variables is described based on the
order of the differentiation of the Gibbs energy (G ) by inde-
pendent variables {p, T, ni}, where p is the pressure, T is the
absolute temperature, and ni is the molar amount of the i-th
component.6870 As listed in the Table I-1 of Ref. 68, the first
order derivatives of G for a solution are the entropy (S ), vol-
ume (V ), enthalpy (H ), and chemical potential (®i) of the i-th
component, which can be defined as:

S ¼ � @G

@T

� �
p

(2.6)

V ¼ @G

@p

� �
T

(2.7)

H ¼ G� T
@G

@T

� �
p

¼ �T 2 @ðG=T Þ
@T

� �
p

(2.8)

and

®i ¼
@G

@ni

� �
p;T;nj 6¼i

: (2.9)

There are seven variables that belong to the class of the second
order derivative of G; namely four types of partial molar
variables defined as follows,

Si ¼
@S

@ni

� �
p;T;nj 6¼i

(2.10)

Vi ¼
@V

@ni

� �
p;T;nj 6¼i

(2.11)

Hi �
@H

@ni

� �
p;T;nj 6¼i

(2.12)

and

®i�j ¼ N
@®i

@nj

� �
p;T;nj 6¼i

: (2.13)

In the group of the second order derivatives, there are three
types of response functions, namely heat capacity (Cp), iso-
thermal compressibility (¬T) and isobaric thermal expansibility
(¡p):

Cp ¼
@H

@T

� �
p;ni

¼ �T
@2G

@T 2

� �
p;ni

(2.14)

¬T ¼ � 1

V

@V

@p

� �
T;ni

¼ � 1

V

@2G

@p2

� �
T;ni

(2.15)

and

¡p ¼
1

V

@V

@T

� �
p;ni

¼ 1

V

@

@T

� �
p;ni

@G

@p

� �
T;ni

(2.16)

In particular, the partial molar variables signify the effect of
perturbation by an infinitesimal increase of ni in terms of
entropy, volume, enthalpy and chemical potential of the entire
system, and they show the actual situation of the i-th com-
ponent in the mixture in the corresponding variable. From this
standpoint, the valuables belonging to the second derivatives of
G play significant roles in solution chemistry. As shown later in
eq (3.17) for a one-component system and eqs (3.9), (3.10),
and (3.11) for a two-component system, fluctuations in density
and concentration are related to the variables of the second
order differential variables of G. Namely, the fluctuations can
be categorized as the second derivatives of G.

3. Relationship between Density and Concentration
Fluctuations and Scattering Intensity

From here, the relationship between fluctuations and the zero-
angle scattering intensity (I(0)) is formulated, mainly focusing
on the case of X-ray scattering. I(0) is derived by the extrap-
olation of small-angle X-ray scattering (SAXS) data to s = 0. In
terms of neutron scattering, the corresponding formula can be
obtained by exchanging the X-ray scattering amplitudes for
their neutron counterparts. The pioneering work of this formu-
lization was performed by Bhatia and Thornton.11 Generally,
the scattering intensity from a sample is expressed as the square
of the sum of the interferences between the scattering waves
from all the atoms in the sample positioned at ~rk (k = 1, 2,*;
the number assigned to the atoms). As a result, the formula of
the scattering intensity explicitly includes the vector difference
~rkk0 (= ~rk � ~rk0 ) and the absolute value of rkk0 for a disordered
system. Bhatia and Thornton newly defined the structure factors
that are related to fluctuations in both density and concentration
in a small volume, dV, and proposed a formula for scattering
intensity using the factors instead of rkk0 .

We suppose a system which consists of two kinds of atom
described as i and j. Bhatia and Thornton introduced ¦n(~r) and
¦c(~r) at ~r of dV, where the former is the deviation in the atom’s
number in dV from the average value without distinction of i
and j, and the latter is the deviation of concentration from the
average concentration.11 Then, they defined the Fourier trans-

Figure 2. Schematic diagram of the density fluctuation of a
two-component system. (a) Distribution of the two com-
ponents. The density fluctuation without the distinction
between the two species can be defined using eq (3.6¤).
(b) and (c) Distribution of each component, the density
fluctuations of which can be obtained using eq (4.6).
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forms ¦n(~r) and ¦c(~r), namely the reciprocal expressions of
the deviations, referred to as and , which can be
defined as:

(3.1)

and

(3.2)

Here, ~s is the scattering vector and its absolute value (scattering
parameter) is given by

s ¼ 4� sinª= ; (3.3)

where 2ª is the scattering angle and  is the wavelength of the
X-rays. The scattering intensity from the sample, I(s), is given
by

IðsÞ= �N ¼ �f2SNNðsÞ þ ðfi � fjÞ2SCCðsÞ
þ 2 �fðfi � fjÞSNCðsÞ (3.4)

where fi and fj are the scattering amplitude of the i- or j-type
atom, respectively. The averaged amplitude is given by:

f ¼ cifi þ cjfj (3.5)

where ci or cj is the mole fraction of the i- or j-type atom. SNN (s),
SCC (s) and SNC (s) are expressed using and as follow,

(3.6)

(3.7)

(3.8)

For a two-component system, N is the total number of
molecules in the system of volume V without distinguishing
between the types of components, and ©Nª or �N represents the
averaged value of N, with the asterisk denoting the complex
conjugate. Equation (3.4) is conducted by the dynamic struc-
ture factor proposed by Van Hove,71 the details of which are
described in the literature.11

Equation (3.4) is a fairly new expression for a system with
two components, and especially for metal alloys, where SNN(s),
SCC(s), and SNC(s) are often used to express structures in recip-
rocal space. However, it may be said that this equation is not
very practical and that SNN(s), SCC(s), and SNC(s) do not give an
vivid picture of the structure of an amorphous sample. On the
other hand, when s = 0, eq (3.4) has an important meaning.
Taking the limit to be s¼ 0, the values of SNN(0), SCC(0), and
SNC(0) given in eq (3.6)(3.8) can be related to fluctuations via
the following equations:

SNNð0Þ ¼ hð�NÞ2i= �N (3.6¤)

SCCð0Þ ¼ �Nhð�cÞ2i (3.7¤)

SNCð0Þ ¼ hð�NÞð�cÞi: (3.8¤)

©(¦N )2ª/ �N and �N©(¦c)2ª in eqs (3.6¤) and (3.7¤) represent the
density fluctuation and concentration fluctuation, respectively,
and ©(¦N )(¦c)ª in eq (3.8¤) is the correlation term of the
density and concentration deviations. The physical meaning of
the density and concentration fluctuations is described in
Section 2.3 and is illustrated in Figure 1.

From here, for the simple description, the density fluctua-
tion, concentration fluctuation and their correlation, which are
main quantities and related to an important concept, are de-
noted SNN(0), SCC(0) and SNC(0), respectively. When s = 0,

eq (3.4) becomes

Ið0Þ= �N ¼ �Z2SNNð0Þ þ ðZi � ZjÞ2SCCð0Þ
þ 2 �ZðZi � ZjÞSNCð0Þ: (3.4¤)

Here, Zi or Zj are total numbers of electrons in an i- or j-type
atom which correspond to the scattering amplitude of X-rays at
s = 0, and �Z is the averaged number of electrons, namely

�Z ¼ ciZi þ cjZj: (3.5¤)

By taking the limit of s¼ 0, it is possible to expand the
application of eq (3.4¤). When s = 0, there is no phase shift
from the waves scattered at two separated points. Therefore, not
only atoms but also molecules can be treated as scatterers,
although scatterers have been thought to be atoms until now,
and the Bhatia and Thornton theory has been mainly applied
to describe binary alloys (solids or liquids).9,12 Namely,
eqs (3.4¤)(3.8¤) are also applicable to a two-component system
of molecules. From the viewpoint of chemistry, it is possible
to say that the mixing states of molecular solutions can be
described using eqs (3.4¤) and (3.6¤)(3.8¤).15,17,18

If a few words may be added, eq (3.4¤) can be derived by
simple consideration,16 although the derivation of eq (3.4)11 is
complicated.

Equation (3.4¤) involves three types of fluctuation, density
fluctuation (SNN(0)), concentration fluctuation (SCC(0)), and
their correlation term (SNC(0)). The question is, how can these
three terms be obtained separately? One method is to perform
three types of scattering experiments with different scattering
amplitudes for the constituent atoms in the sample using dif-
ferent radiation sources and/or changing the ratios of isotopes
for neutron scattering. Three equations relating to eq (3.4¤) can
be obtained, in which the coefficients of SNN(0), SCC(0), and
SNC(0) are different. From the three equations, three terms can
be obtained that correspond to fluctuations. This partitioning
idea is frequently applied in wide-angle scattering experiments
to obtain pair distribution functions, gii(r), gjj (r), and gi j (r), for
two-component amorphous alloys and molten salts composed
of i and j.12 As an example of radiation sources, we can think of
the combinations of X-rays, neutrons, and X-rays of charac-
teristic wavelength that show the anomalous dispersion effect
for a constituent atom. For sample with isotopes, the neutron
scattering experiment for three sets of different isotopic ratios
is a possible method. In these methods, it is indispensable to
perform intensity measurements accurate enough to solve the
simultaneous equations of scattering intensities that feature
three unknown variables.

A combination of a scattering intensity and thermodynamic
quantities is another candidate. As shown in Section 2.4, fluc-
tuations can be classified as the second derivatives of the Gibbs
energy, G, from the viewpoint of the hierarchy of thermody-
namic quantities and are related to them as follows:11

SCCð0Þ ¼ �NkBT

�
@2G

@c2

� �
T;P;N

(3.9)

SNN ð0Þ ¼ ð �N=V ÞkBT¬T þ ¤2SCCð0Þ (3.10)

SNCð0Þ ¼ �¤SCCð0Þ; (3.11)

where kB is the Boltzmann constant, T is the absolute tem-
perature, and N is the total number of molecules in the system.
¬T is isothermal compressibility defined by
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¬T ¼ � 1

V

@V

@P

� �
T

; (3.12)

and can be obtained experimentally by density measurements
of the solution with pressure change. The dilatation factor, δ, is
defined as:

¤ ¼ ðvi � vjÞ �N=V: (3.13)

The partial molar volume per molecule of the component of i,
vi, is given by

vi ¼
@V

@Ni

� �
P;T;Nj 6¼i

; (3.14)

where Ni is the number of i-th molecules. vi is obtained from
density measurements of the solutions of which concentra-
tions are changed little by little around the marked concen-
tration ci.

By substitution of eqs (3.10) and (3.11) into eq (3.4¤), we
obtain the following equation:

Ið0Þ=N ¼ �Z2ðN=V ÞkBT¬T þ f �Z¤� ðZi � ZjÞg2SCCð0Þ:
(3.15)

Namely, we can determine the concentration fluctuation,
SCC (0), by the combination of zero-angle X-ray scattering
intensity, I(0), which is the extrapolated value of the small-angle
X-ray scattering (SAXS) intensity to s = 0, the partial molar
volumes vi and vj, and the isothermal compressibility ¬T :

SCCð0Þ ¼ fIð0Þ=N � �Z2ðN=VÞkBT¬T g=f �Z¤� ðZi � ZjÞg2:
(3.16)

Then, the density fluctuation, SNN(0), and the correlation term,
SNC (0) are obtained by eqs (3.10) and (3.11).

In the case of one-component system, SCC (0) is equal to 0
and eq (3.15) becomes

Ið0Þ=N ¼ Z2ðN=V ÞkBT¬T

¼ Z2SNN ð0Þ: (3.17)

Equation (3.17) shows that the density fluctuation of one-
component system is proportional to zero-angle X-ray scat-
tering intensity, I(0), and the isothermal compressibility, ¬T.
This relationship is a well-known equation in statistical
mechanics.13

Going back to eqs (3.9)(3.11), from the combination of the
three thermodynamics equations, we can obtain fluctuations
separately only by thermodynamic experiments. If so, are the
zero-angle scattering intensity measurements unnecessary? To
determine the G value of the solution, the pressure measure-
ment of vapor, which is in equilibrium with the solution, is
conventional. As shown in eq (3.9), the fluctuation in concen-
tration is given by the second derivatives of G by the concen-
tration. Therefore, the concentration dependence of G must be
accurately determined. There have been a few reports23,28 in
which the fluctuation in concentration has been determined
from G measurements. An example of this is the application to
some aqueous alkane-mono-ols.23 For a solution with larger
concentration fluctuation, the zero-angle scattering intensity
gives more accurate results. However, for a solution with a
smaller concentration fluctuation, direct measurement of G or
® gives more accurate results. Here, the two methods, the

measurement of G or ® and the zero-angle scattering intensity,
are compared. The disadvantage of the former method is that
the G or ® values must be differentiated twice or once. How-
ever, the scattering intensity is in the same rank as the second
derivatives of G, and it is therefore possible to avoid a decrease
in accuracy by carrying out differentiation. From this view-
point, to determine fluctuations in solution, I(0) measurements
are superior. However, it is necessary to measure I(0) on an
absolute scale, which makes the experiment troublesome.
Another disadvantage of the former method is that the appli-
cable samples and states are limited because their values are
usually determined from measurements of the pressure of
vapors that are in equilibrium with liquid samples.

4. Relationship between Fluctuations and KBIs

The KBIs can be related to the fluctuations based on the
equation of the scattering intensity of non-crystalline materials.
The scattering intensity from a two-component atomic system
is expressed as follows:72

IðsÞ ¼ NifiðsÞ2 þ NjfjðsÞ2

þ ðN2
i fiðsÞ2=V Þ

Z
ðgiiðrÞ � 1Þj0ðsrÞdr

þ ðN2
jfjðsÞ2=V Þ

Z
ðgjjðrÞ � 1Þj0ðsrÞdr

þ ð2NiNjfiðsÞfjðsÞ=V Þ
Z
ðgijðrÞ � 1Þj0ðsrÞdr; (4.1)

where j0ðsrÞ ¼ sinðsrÞ=sr, which is the spherical average of
expði~s¢~rÞ. For eq (4.1), by taking the limit of s¼ 0 and
dividing by N, the following equation is obtained:

Ið0Þ=N ¼ ciZ
2
i þ cjZ

2
j þ ðZ2

i nc
2
i ÞGii

þ ðZ2
jnc

2
jÞGjj þ ð2ZiZjncicjÞGij; (4.2)

where n is number density defined as:

n ¼ N=V: (4.3)

In the same discussion as Section 3, eq (4.2) can be expanded
from an atomic system to a molecular system, because the
limit of s ¼ 0 changes the structure factor of the molecule,
which has the orientation information for a non-spherical
molecule, to the scalar value Z (number of electrons in the
molecule).

Comparing eq (4.2) with eq (3.4¤), we obtain14

Gii ¼ fSNNð0Þ þ 2SNCð0Þ=ci þ SCCð0Þ=c2i � 1=cig=n
Gjj ¼ fSNNð0Þ � 2SNCð0Þ=cj þ SCCð0Þ=c2j � 1=cjg=n
Gij ¼ fSNNð0Þ þ ðcj � ciÞSNCð0Þ=cicj � SCCð0Þ=cicjg=n

(4.4)

and inversely,

SNNð0Þ ¼ c2i nGii þ c2jnGjj þ 2cicjnGij þ 1

SCCð0Þ ¼ cicjf1þ ncicjðGii þGjj � 2GijÞg
SNCð0Þ ¼ cicjnfciðGii �GijÞ � cjðGjj �GijÞg:

(4.5)

These relationships show that the KBIs can be obtained via the
combination of the zero-angle X-ray scattering intensity I(0),
the partial molar volumes vi and vj and the isothermal com-
pressibility ¬T.

As described in the paper by Ben-Naim, various thermody-
namic values are expressed by the KBIs.42 Here, the relation to
the density fluctuations is presented as an example, which is
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important from the viewpoint of the structural chemistry of a
solution. By multiplying Gi j by ni, the following equations can
be obtained:

niGii ¼ hð�NiÞ2i=Ni � 1 (4.6)

niGij ¼ h�Ni�Nji=Nj for i 6¼ j (4.7)

In eq (4.6), hð�NiÞ2i=Ni is the density fluctuation of the i-th
component in the solution. Namely, we can obtain the density
fluctuations for the components separately, which are schemati-
cally shown in Figure 2.14 The term of niGi j in eq (4.7) repre-
sents the cross term of i and j components.

5. Experiments

In this section, a brief summary of the experimental points is
given to derive the fluctuations of a two-component system
using SAXS intensity data. As described in Section 3, three
types of quantity are necessary, namely, the partial molar vol-
umes of the components (vi and vj), the isothermal compres-
sibility (¬T), and the zero-angle X-ray scattering intensity (I(0)),
which is derived from the extrapolation of the SAXS intensity
data.

5.1 Density Measurements for Determination of Partial
Molar Volumes and Isothermal Compressibility. Though
data of the partial molar volumes (vi and vj) for many solutions
are listed in the literature, the data are limited to those at fixed
temperatures and concentrations in most cases. To study the
fluctuations at the states of interest, it is necessary to determine
the concentration dependence of the density. Partial molar vol-
umes of the components in solution can be obtained via the dif-
ferentiation of the concentration of the density data (eq (3.14)).

To determine the isothermal compressibility (¬T), it is nec-
essary to measure the pressure dependence of the density at
each fixed concentration and to differentiate it by pressure
(eq (3.12)). As it is difficult to determine the ¬T values of
points of interest, instead of ¬T values, adiabatic compressi-
bility (¬S) values have been used in some studies by the
Almásy group,25 as the values of ¬S have been more widely
reported in the literature, or are more easily obtained by the
measurement of sound velocity. Such a substitution does not
result in a fatal error in the case where the contribution of the
term including ¬T (see eq (3.15)) is much smaller than the
second term. There are several systems with interesting fluctua-
tion behavior that is dependent on temperature; the examples
are solutions in supercritical states.3638 In the study of such a
system, the temperature dependence of ¬T cannot be neglected.

Since partial molar volumes and isothermal compressibility
are derived via differentiation of density values, it is necessary
to determine the density with five-digit precision. For such a
precise measurement, using a vibration tube density meter is
recommended. Details of this are described in a recent study on
an aqueous solution of an ionic liquid.34,35,73

5.2 Small-Angel X-ray Scattering Measurements for
Determination of Zero-Angle X-ray Scattering Intensity.
SAXS experiments and data analyses are described here, focus-
ing on the points that are essential in determining the fluctu-
ations. First, a schematic diagram73 is shown in Figure 3,
which is the apparatus set at the beam-lines 15A74 and 6A75 of
Photon Factory (PF) at National Laboratory for High Energy
Accelerator Organization, Tsukuba (KEK), Japan.

Compared to other SAXS experiments, in the experiments to
determine fluctuations of solutions, the most important thing is
that the scattering intensity data of the sample are required in
absolute scale down to as small s-value as possible. For this
demand, the following must be given attention;
(A) Measurement of the scattering intensity of the sample

separated from the base intensity of the extremely strong
direct X-ray beam is indispensable,

(B) It is important to select an adequate standard to convert
the scattering intensity of the sample from arbitrary unit
to absolute one,

and
(C) It is necessary to derive the accurate absorption factor of

the sample.
X-rays of synchrotron radiation (SR) are an ideal X-ray

source, as the scattering intensity from the sample is relatively
weak. When using SR, the measurement time for one thermo-
dynamic state is several minutes,32,34,35,73 while it took 12
days when the present author started the studies using a sealed-
off X-ray tube in the laboratory experiments.15,2022

5.2.1 Apparatus and Device: We must pay attention to the
selection of the wavelength of X-rays (). When using X-rays
with a longer , the scattering intensity data at lower s-values
can be obtained, as is clear from eq (3.3). However, the X-ray
absorption by the sample drastically increases for longer .
Considering the valance, X-rays of around  = 1.5¡ are
appropriate. In our experiments at PF, a wavelength of 1.5¡
was set using a monochromater (b) in Figure 3.32,34,35,73 For
experiments using an X-ray generator with a rotating anode, the
selection of Cu Kα ( = 1.54¡) X-rays are appropriate.

To satisfy requirement (A) and to achieve strong incident X-
rays, setting a focusing system for the X-rays is indispensable.
For this purpose, total-reflection geometry is usually adopted,
using a bent mirror made of a heavy-atom material such as
Au15 or a single crystal of Si.74,75 Figure 3(a) shows the device
used to focus the incident X-rays.

It is necessary to always monitor the intensity of the incident
beam (I0) during the intensity measurements in an absolute
scale at an SR facility, as the I0 of SR alters over time. As for
the experiments using the equipment shown in Figure 3, I0 was
measured by the ion chamber (c) set in front of the sample cell.
The experimental intensity was normalized according to I0 and
the accumulation time.

The longer camera length makes it possible to measure the
data of the lower s-region, which satisfies requirement (A).
A length of longer than 2m is thought to be desirable.

The beam stopper shown in Figure 3(e) plays an important
role in relation to requirement (A). To cut off the incident direct

Figure 3. Schematic diagram of the apparatus used in the
small-angle X-ray scattering experiments74 set at BL-15A.
a: bent mirror, b: monochromater, c: ion changer to moni-
tor incident X-rays, d: sample, e: beam stopper, f: detector.
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beam sharply, great attention must be paid to the shape and the
material of the beam stopper, which is usually made of lead or
tungsten. In an ordinary SAXS instrument, the function of the
beam stopper is to absorb only the extremely strong incident
beam and gives no influence from the incident beam on the
measurement of much weaker scattering intensity from the
sample. Morita et al. designed a beam stopper that makes it
possible to measure the intensity of the incident beam trans-
mitted from the sample and/or windows (I trans) by attaching a
photodiode at the back of the beam stopper.76 As will be
covered later, the measurement of I trans is very important to
enable the experimental derivation of the absorption factor of
the sample (requirement (C)) and to perform the correct
subtraction of the influence that the base intensity has on the
incident beam (requirement (A)).

For the efficient detection of the scattering X-rays, a one-
dimensional detector, such as a position sensitive proportional
counter (PSPC),15,2022,31,32 or a two-dimensional detector, such
as an imaging plate, are used.69,73 Since the scattering pattern of
a solution sample is isotropic around the center of the incident
beam, the sum of the counts of a circumference of a circle can
be counted as the intensity of one s-value. Efficient detection
using a two-dimensional detector makes it possible to carry out
measurements over a shorter accumulation time.

It is necessary to prepare a sample cell with a sample length
(lS) that is kept as constant as possible to satisfy requirement
(C). For this requirement, it is favorable that the windows of the
sample cell are single-crystalline diamond disks. The use of
these windows means that there is no parasitic scattering in the
low s-region; they transmit X-rays well and they are resistant to
almost all chemicals. For aqueous samples of common organic
materials, an adequate lS is around 1mm when  µ 1.5¡.

5.2.2 Absorption Correction: The most important and
difficult procedures of the SAXS experiments to determine the
fluctuations are the measurements of the absorption factors and
the absorption correction. This is because it is necessary to
determine the scattering intensity of the sample in the absolute
scale and also to correctly subtract the strong base intensity that
is around the incident beam. The observed scattering intensity
from the sample in the cell and the background intensity are
measured with and without the sample in the sample cell,
respectively. After normalization by I0 (the intensity of the
incident beam monitored by the ion chamber (c) in Figure 3)
and the accumulation time, the intensities are written as IobsS,BðsÞ
and IobsB ðsÞ, respectively. It should be noted that IobsB ðsÞ includes
the scattering intensity of the air through which the X-rays pass
and the base intensity of the incident beam, as well as the
scattering intensity from the windows of the sample cell. The
transmitted intensities of the incident beam with and without
the sample, I transS,B and I transB , are detected by the photodiode
attached to the beam stopper (e) at the same time of scattering
intensity measurements.76 Using these measurable intensities,
we obtain the scattering intensity of the sample IS(s) in the
following equation:

ISðsÞ / IobsS,BðsÞ=ItransS,B � IobsB ðsÞ=ItransB : (5.1)

Although eq 5.1 does not contain the absorption factors explic-
itly, I transS,B and I transB are related to the factors for the sample and/
or windows. Therefore, the accurate measurements of these

intensities are essential in this experiment. The net scattering
intensity given by eq (5.1) of each sample is in an arbitrary
scale but normalized for individual experimental conditions.

5.2.3 Zero-Angle Scattering Intensity in Absolute Scale:
The next procedure is the determination of the zero-angle X-ray
scattering intensity, I(0), from the corresponding SAXS data
via the extrapolation of s¼ 0. According to the Ornstein
Zernike theory,8 the scattering intensity near s = 0 is repre-
sented by the following equation for a sample in the vicinity of
the critical point:

IðsÞ ¼ Ið0Þ=ð1þ ²
2
s2Þ; (5.2)

where ² is the Ornstein-Zernike correlation length. The so-
called Ornstein-Zernike plot of 1/I(s) vs. s2 forms a straight
line and gives 1/I(0) as the intercept term. As an example, the
actual scattering intensities and their Ornstein-Zernike plots for
aqueous solutions of acetonitrile are shown in Figure S1 and
Figure S2 in Supporting Information (SI).

To convert the I(0) of the sample from arbitrary to the
absolute unit, the I(0) of a standard sample must be measured,
the absolute intensity of which can be calculated, under the
same experimental conditions of the sample measurements.
Water is a good choice for these measurements. For a one-
component system, I(0) is related to ¬T, as shown in eq (3.17).
Using this relationship, the scattering intensity can be obtained
in the absolute unit, and can be compared with thermodynamic
parameters.

It is known that the curve of scattering vs. s for a one-
component liquid is almost flat in the small s-region. By check-
ing the pattern of the scattering curve for a standard sample, a
judgment can be made as to whether or not the experiments and
data correction have been correctly carried out, especially in the
case of the subtraction of the base intensity of an extremely
strong incident beam and absorption correction. The scattering
patterns of water and acetonitrile shown in Figure S1 in SI are
for the case described in Section 6. In the case of water, it has
been recently proven that a very slight swelling exists in the
pattern of the scattering intensity in the small s-region, due to
the structural fluctuation caused by unique hydrogen bond-
ing.77,78 However, this swelling is too insignificant to pass any
judgment on its effect.

6. Examples

In this section, two examples are given, the samples of
which demonstrate interesting mixing states; one is an aque-
ous solution of acetonitrile with a UCST32 and another is an
aqueous solution of tetrabutylphosphonium trifluoroacetate
([P4444]CF3COO), a typical ionic liquid, with an LCST.34,35

6.1 Inhomogeneity of Mixing in Aqueous Solution of
Acetonitrile and Phase Separation.32 As reported by
Amitage et al.,79 an aqueous solution of acetonitrile exhibits a
UCST of 272K at c = 0.38, where c is the mole fraction of
acetonitrile. As phase separation exists in the solution, it is
expected that the microscopic and mesoscopic mixing of the
solution changes drastically depending on concentration and
temperature, especially in the vicinity of the critical point.
Moreover, it is amazing that the solution shows phase sepa-
ration although an acetonitrile molecule comprises a small
hydrophobic methyl group and a strongly polar cyano group. In
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contrast, methanol mixes almost perfectly with water, and their
mixtures show very small concentration fluctuation across all
concentrations.23

To clarify the mixing scheme of the solution, studies on the
fluctuations were carried out at 273, 279, and 298K by chang-
ing the concentration. The scattering experiments were per-
formed at the PF at the National Laboratory for High Energy
Accelerator Research Organization (KEK), Tsukuba, Japan,
using a SAXS instrument that was constructed at the station.74

Using ¬T values for bulk water and acetonitrile,80 all of the
I(0) values of the solutions were obtained on an absolute scale
and are shown in Figure 4. The values were normalized to
intensities per cm3 and the unit “e.u.” indicates electron units,
where 1 e.u. corresponds to the scattering intensity of an elec-
tron. The I(0) values exhibit a maximum near c = 0.38 in all of
the isotherms, and they show a remarkable increase as they
approach the critical temperature of 272K.

The concentration fluctuation, �Nhð�cÞ2i, the density fluctu-
ation, hð�NÞ2i= �N, and their cross term, hð�NÞð�cÞi are shown
in Figure 5(a), (b), and (c). The fluctuation in the concentration
of an ideal binary solution is given by c(1 ¹ c). Here, an ideal
solution is one in which the volumes of the component mole-
cules are the same and they are randomly mixed. The maxi-
mum value of the concentration fluctuation of an ideal solution
is 0.25 at c = 0.5. In the vicinity of the UCST, the fluctuation
of a solution of acetonitrile is several hundred times greater
than that of an ideal solution, which indicates the extremely
high inhomogeneity of the mixing in the solution. The con-
centration fluctuations have been quantitatively obtained and
reported for aqueous solutions of methanol,23 ethanol,22 n-
propanol and 2-propanol,21 and t-butanol,15,20 which are misci-
ble with water in any proportions at any temperature. The
values of acetonitrile solutions are much greater than those of
these alcohol solutions. At that time, this work was the first
report on the concentration fluctuation of the solution that has a
critical point.

In Figure 6, the contour lines of the concentration fluctuation
are represented by broken curves, with the miscibility curve

by Amitage et al.79 shown as a solid curve. The numbers on
the broken curves represent the values of the concentration
fluctuation. The open circles are the points measured in the
present study. The solid line a refers to the locus of the maxima
in the isotherms for the density fluctuation of acetonitrile, and
line b refers to the loci of water and undistinguished particles.

Figure 4. Zero-angle X-ray scattering intensities of aque-
ous acetonitrile solutions against the mole fraction of
acetonitrile, c.32

Figure 5. Fluctuations of aqueous acetonitrile solutions.
(a) Concentration fluctuation, (b) density fluctuation, and
(c) their cross term.32
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The dotted area shows the OrnsteinZernike region. This is a
rough plot, as there are not enough measured points to draw
contour lines. However, the map is a useful sketch, which
directly shows the inhomogeneity of the molecular distribu-
tion for the solution in a phase diagram of concentration and
temperature.

As detailed in Section 2.2, Ben-Naim pointed out the impor-
tance of the KBIs for solution chemistry and interpreted that the
integrals are a measure of the affinity of i molecules around a
j molecule, and vice versa.4244 Here, the KBIs and related
quantities are introduced for aqueous solutions of acetonitrile,
obtained using the SAXS intensity data.

The concentration and temperature dependence of the KBIs
are shown in Figures 7(a), (b), and (c). Although values of the
GAN,AN exhibit a maximum at c = 0.30 at 298K, the position of
maximum shifts to c = 0.38 as the temperature decreases. The
maxima of GW,W show inverse shift. Even at temperatures 30K
higher than the UCST, the affinities of the same kinds of
molecules are considerably large and increase upon approach-
ing the critical temperature.

The KBIs of solutions have been reported by Matteoli et al.
(at 303K),47 and by Blandamer et al.,81 both of which were
obtained using only thermodynamic values. The agreement of
the present data with these data is not quantitative, but rather
qualitative. It is predicted that the difference in the measure-
ments originates not from the difference between the meso-
scopic (SAXS data) and macroscopic (thermodynamic data)
probes, but from rather the data treatments, especially in the
second derivative of the Gibbs free energy. Satoh and
Nakanishi also carried out Monte Carlo simulations of the
parameters at 298K and 1 atmosphere using an NPT ensem-
ble.82 The values they obtained are much lower than those of
the results in this study and there is no agreement between their
calculated results and the ones in this study on the positions of
the maxima and minima. It is thought that the system size (216

molecules in total) of the simulation was too small to enable
the investigation of mesoscopic fluctuations. Moreover, it is
regrettable that the simulation for the solution in the vicinity of
c = 0.38 was not carried out.

With an average number density of molecule i (ni), niGii

quantities are obtained, the physical meaning of which is the
fluctuation of the particle number of each component, as

Figure 6. Contour curves (broken curves) of the concen-
tration fluctuations of aqueous acetonitrile solutions.32 The
numbers on the curve show the values of the concentration
fluctuations. The solid curve is the miscibility curve. Open
circles represent the points measured in the study. For lines
a and b, see the text.

Figure 7. KBIs of aqueous acetonitrile solutions. (a)
GAN,AN, (b) GW,W, and (c) GAN,W.32
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detailed in Section 4. For i = j, the quantity (niGii + 1) is the
density fluctuation of i molecules, and for i º j, the quantity
niGi j is the cross fluctuation between the particle numbers of i
and j molecules.14,17,18 The density fluctuation of each compo-
nent is shown in Figures 8(a) and (b). It should be noted that
the density fluctuation, ©(¦N)2/ �Nª, given by eq (3.6¤) and
(3.10), and shown in Figure 5(b), refers to the density fluctu-
ation of molecules when the acetonitrile and water molecules
are not distinguished.

While the density fluctuation in the undistinguished case
and that for water have maxima at c = 0.38 in all of the iso-
therms, the peak for acetonitrile exhibits temperature depend-
ence; namely it is positioned at a lower concentration at higher
temperature and shifts to c = 0.38 on an approach toward the
critical temperature. The loci of the peaks of the density fluctu-
ations are shown by lines a and b in Figure 6. The magnitude
of the fluctuation of water molecules is much greater than that
of acetonitrile molecules. Therefore, the contribution of the
fluctuation of water is dominant in the total particle number
fluctuation (density fluctuation) and the concentration fluctua-
tion in the system. The same behavior has been observed for
some aqueous solutions of alcohols.15,2022

Temperature and concentration dependences were obtained
for the concentration fluctuation, density fluctuation, and divid-

ed density fluctuations of acetonitrile and water. The fluctu-
ations in density and concentration directly indicate the inhomo-
geneity of the distribution of the molecules in the mesoscopic
region. Koga et al. also reported a comprehensive thermody-
namic study of the solution by measuring excess chemical
potentials and the second derivatives of the Gibbs free energy,
such as partial molar enthalpies, entropies, and volumes.83

They divided the solution into three composition regions, in
each of which the mixing scheme is quantitatively different
from those of the other regions. The composition region of the
present SAXS study corresponds to Mixing Scheme 2 in
Koga’s work.6870,83 In the region, there is no hydrogen bonded
network of water molecules perfectly connected in the system
(i.e., bond percolation), and the solution consists of two types
of clusters, each rich in acetonitrile or water. According to the
knowledge of the correlation length32 which is not shown here,
there are no aggregations that have a characteristic size, except
for the regions that are far from the critical point. The clusters
grow rapidly with a decrease in the temperature and phase
separation occurs at 272K and c = 0.38 when the clusters
become macroscopic in size. Koga et al. compared the mixing
behavior in the aqueous acetonitrile with those of aqueous
alcohols, and concluded that the thermodynamic behavior of
aqueous acetonitrile is similar to that of aqueous 1-propanol
rather than that of ethanol or methanol, despite the fact that the
molar volume of acetonitrile (52.9 cm3/mol) is closer to that of
methanol (40.8 cm3/mol) and ethanol (58.7 cm3/mol).83 This
behavior is a result of the difference between the effect of the
CN group in an acetonitrile molecule and OH group in a meth-
anol or ethanol molecule. Our group previously carried out
comprehensive studies on the mixing schemes of aqueous
alcohols via SAXS measurements.15,2023 It was found that for
an aqueous tert-butyl alcohol solution, the characteristic factor
that determined the mixing state seems to be the formation of a
cage structure of water molecules around a tert-butyl alcohol,
such as a clathrate hydrate-like structure.15,20 For aqueous 1-
propanol, the prominent factor is probably the formation of
micelles via hydrophobic interactions.21 For aqueous ethanol,
the factor is the balance between the ethanolethanol and
waterethanol hydrogen bonding energies.22 The inhomogene-
ity of aqueous alcohols was found to decrease in the order of 1-
propanol, tert-butyl alcohol, ethanol, and methanol. Methanol
mixes with water almost perfectly, in a near-ideal mixture. The
inhomogeneity of aqueous ethanol is several dozen times less
than that of aqueous acetonitrile. The methyl group in aceto-
nitrile is too small to form aggregations via hydrophobic inter-
actions. Then, it is expected that acetonitrile molecules aggre-
gate via dipoledipole interactions of CN groups. In fact, this is
the dominant interaction in the formation of a structure of pure
liquid acetonitrile.8486 Of course, in aqueous solution, hydro-
gen bonding occurs between the CN and OH groups. However,
this bonding is weaker than between OH groups. Our recent
density functional calculations, which have not been reported,
show that the magnitude of the dipole moment in an acetoni-
trile molecule is not so weak as the one in a methanol molecule,
but that the former dipole moment forms linearly along the
molecular axis while the direction of the latter dipole moment
is bent away from the methyl and carbon axis. In a methanol
water system, due to this bending, the methanol molecules

Figure 8. Density fluctuations of (a) acetonitrile and
(b) water of aqueous acetonitrile solutions.32
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penetrate the hydrogen bonding network of water. However,
acetonitrile molecules cannot form a smooth hydrogen bonding
network with water molecules. Consequently, the water mole-
cules self-aggregate, as do the acetonitrile molecules. This is
the mechanism of the large inhomogeneity of the mixing in the
solution, allowing phase separation to finally be achieved. The
important factor that determines the mixing scheme of an
acetonitrilewater system is the strong hydrogen bonding of
water molecules, weak hydrogen bonding between water and
acetonitrile molecules, and the dipoledipole interactions
between acetonitrile molecules.

6.2 Density Fluctuations in an Aqueous Solution of Ionic
Liquid with LCST.34,35,73 Ionic liquids (ILs) are salts that
have unusually low melting points of below 373K. They also
have many unique properties such as non-volatility, non-
flammability, high thermal stability, high ionic conductivity
and amphiphilicity.87 Due to these characteristic properties,
ILs have attracted much attention in various fundamental and
application fields. In addition to reports on pure ILs, extensive
studies on mixtures of ILs and molecular liquids have recently
appeared in the literature. In particular, mixtures with water,
which is regarded as a counter material to ILs, have been inves-
tigated as novel reaction media and functional materials.8890

One example, in which the functions of aqueous IL solutions
are designed and utilized, is the use of phase separation,
wherein a technique can be used to separate dissolved materials
into separate phases.91

With regard to aqueous solutions of ILs that exhibit thermo-
responsive phase transitions, those with UCST-type transitions
are common. To achieve functional aqueous systems, Ohno
et al. performed systematic studies on mixtures of phosphoni-
um-based ILs and water, and observed that some of the mix-
tures exhibit an LCST depending on their counter anion.92 This
result is of interest, as LCST-type phase transitions are rarely
observed in ILwater mixtures. A mixture with an LCST
remains homogeneous upon cooling, and the phase separates
upon heating. Such ILs can be prepared by appropriately
adjusting the total hydrophilicity of the cation and anion,92,93

and the critical temperature of such materials is also control-
lable by varying the hydrophilicity of the component ions.94

However, as far as we know, only one study on the mechanism
of LCST-type transitions in ILwater mixtures has been report-
ed by the Gao and Li groups.95 It is therefore necessary to
analyze ILwater mixtures from multiple perspectives to gain
a fundamental understanding of this behavior and for the
development of future practical applications.

As described in Section 2.3, density and concentration fluc-
tuations indicate the spatial inhomogeneity of the particle
distribution in a solution, and can be used to quantitatively
determine the mixing state. Almásy et al. carried out the first
study on the fluctuations of an aqueous solution of IL, a
[C4mim]BF4water mixture, which exhibits a UCST at 277K,
via small-angle neutron scattering analysis at 298K.28

Here, the results on the mixing state of a binary tetrabutyl-
phosphonium trifluoroacetate ([P4444]CF3COO)water mixture
are introduced, focusing on the density fluctuations in the
solution.34,35,73 This mixture exhibits an LCST-type phase tran-
sition with a critical point near c = 0.025 (c: the mole fraction
of [P4444]CF3COO) at T = 302K.92 For more detailed results,

such as the fluctuation in concentration and KBIs, please see
work by Nitta73 and another published study.35

Figure 9 shows the phase diagram of the [P4444]CF3COO
water mixture92 and the analysis points over the range of c =
0.0160.079 at T = 293 and 301K, where the green and red
symbols used in the figures for the mixture refer to the data
recorded at 293 and 301K, respectively. Over this concen-
tration range, judging from the electrical conductivity, it can be
concluded that cations and anions form pairs in water. There-
fore, the ion pair can be regarded as a particle, meaning that the
solution can be treated as a binary mixture of [P4444]CF3COO
and water.

The details on how the I(0) values, partial molar volumes,
and ¬T values were obtained are described in previous work
carried out by our group.35,73 From the measured fluctuations, it
can be seen that compared with the concentration fluctuations,
the density fluctuations are more sensitive to changes in the
temperature and concentration. Therefore, the density fluctua-
tions are focused on here. Figure 10(a) shows the I(0) values
on an absolute scale and the density fluctuations of the
[P4444]CF3COOwater mixture at 293 and 301K as a function
of c.34 For comparison, the same data for acetonitrilewater
mixtures recorded at 273, 279, and 298K are presented in
Figure 10(b),32 which exhibits a UCST-type phase transition
with a critical point at c = 0.38 and T = 272K (see Section 6.1
for details). To compare these two systems, the measured tem-
perature was restated as the reduced temperature described by
Tr = jT � TCj=TC, where TC is the critical temperature. For the
[P4444]CF3COOwater mixture, 293 and 301K were restated as
0.0298 and 0.0033, whereas for the acetonitrilewater mixture,
273, 279, and 298K were restated as 0.0037, 0.0257 and
0.0956, respectively. The reduced concentration, cr, was then
defined by c/cc (c: the mole fraction of the solute, cc: the
critical concentration of the mixture), where the vertical broken
lines shown in Figures 10(a) and (b) represent the critical
concentration. Notably, the I(0) value of the [P4444]CF3COO
water mixture drastically increases on changing the tempera-

Figure 9. Phase diagram for [P4444]CF3COOwater mix-
tures (line and circles) and the analysis points at 293K
(triangles) and 301K (diamonds).34
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ture from 293K (Tr = 0.0298) to 301K (Tr = 0.0033). Also, at
301K, I(0) exhibits a sharp peak and reaches its maximum
value near the critical concentration. This increase, approaching
the critical point, indicates that the system is extremely inho-
mogeneous toward the macroscopic phase separation. In fact,
the density fluctuation of the [P4444]CF3COOwater mixture at
301K also exhibits a drastic increase upon approaching the
critical point. Furthermore, the maximum value of the density
fluctuation of the [P4444]CF3COOwater mixture at 301K is
approximately six times greater than that in the acetonitrile
water mixture. This difference is due to the greater difference
in volume for [P4444]CF3COO and water compared to that of
acetonitrile and water. It should be noted that the inhomoge-
neous distribution of large and small particles has a remarkable
effect on the density fluctuation of binary mixtures.

The individual density fluctuations are due to the inhomo-
geneities of the particle distributions for each component i
(i = [P4444]CF3COO or water), which can be calculated using
KBIs (Gij),41 as described in eq (4.6). For binary systems, these
values can be separately and directly calculated using the
corresponding fluctuations.14 Figure 11 shows the individual
density fluctuations of the components in each mixture, wherein
the red circles represent the data for the [P4444]CF3COOwater
mixture at 301K (Tr = 0.0033), and the blue triangles repre-
sent the data for the acetonitrilewater mixture at 273K (Tr =
0.0037). The upper graph in Figure 11 shows the density fluc-
tuations for the solutes ([P4444]CF3COO or acetonitrile) vs. the
reduced concentration, and the lower graph shows those of the
water in the two mixtures. Interestingly, the density fluctuations
for the water in the [P4444]CF3COOwater mixture are ten times
greater than those of the solute. The density fluctuations ofwater
are also greater than those of the solute in the acetonitrilewater
mixture.

However, the density fluctuations for the water in the
[P4444]CF3COOwater mixtures are twice as large as those in
the acetonitrilewater mixtures, whereas the fluctuations of the
solutes are similar. These results indicate that the water mole-

Figure 10. I(0) values and density fluctuations in (a) [P4444]CF3COOwater mixtures34 and (b) acetonitrilewater mixtures32 as a
function of reduced concentration. The numbers in the figures indicate the reduced temperatures.

Figure 11. Individual density fluctuations for the solute and
water near the critical temperature as a function of reduced
concentration.34 The circles indicate the data for the
[P4444]CF3COOwater mixtures at Tr = 0.0033 (T =
301K), and the triangles indicate the data for acetonitrile
water mixtures at Tr = 0.0036 (T = 273K).
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cules in the [P4444]CF3COOwater mixture are inhomogene-
ously distributed to a great extent. Additionally, the individual
density fluctuations are heavily dependent on concentration
near to the critical concentration, cc.

Approaching the critical point, each component forms
aggregates, and the mixtures become inhomogeneous toward
macroscopic phase separation, as is clearly indicated by the
large density fluctuations shown in Figure 10 and 11. Figure 12
shows models of the mixing states with small (upper images)
and large (bottom images) fluctuations. Figure 12(a) shows
schematic models for a system with two components that have
a large difference in volume, such as the [P4444]CF3COOwater
mixture, while Figure 12(b) shows models consisting of two
components with a small difference in volume, such as the
acetonitrilewater mixture. As shown in Figure 12(a), in the
denser region of [P4444]CF3COO, the number of total molecules
per unit volume is less than that in the sparser region of
[P4444]CF3COO. Thus, the density fluctuation of the
[P4444]CF3COOwater mixture, or the particle distribution
when the two components are not distinguished, is particularly
sensitive to the aggregation of [P4444]CF3COO, which has a
larger volume. The individual density fluctuations, shown in
Figure 11, indicate that the water molecules are largely local-
ized near the critical point. In a recent investigation, it was
found that 714 water molecules exist per [P4444]CF3COO ion
pair, even in the separated IL-rich phase above the LCST, and
that the number of water molecules in the IL-rich phase de-
creases with increasing temperature.94 Therefore, in the mixture
below the LCST, it is considered that [P4444]CF3COO forms
aggregates that include water molecules. As a result, it is
proposed that the [P4444]CF3COO aggregates are hydrated with
water molecules, and that the [P4444]CF3COO and water do not
completely separate.

Aqueous solutions of [P4444]CF3COO have also recently
been studied by the Gao and Li groups, using comprehensive
measurements, such as dynamic light scattering, conductivity,
freeze-fracture transmission electron microscopy, and chemical
shift analysis of proton nuclear magnetic resonance (1HNMR)

spectroscopy.95 From these results, the formation of micelle-
like clusters was proposed, as shown in Figure 11 of Ref. 95.
However, the formation of fuzzy clusters is proposed in this
work, as shown in Figure 12. In their analysis of dynamic light
scattering experiments,95 the correlation length of the moving
unit was assigned to the dimensions of assumed micelle-like
clusters, and the structural interactions between neighboring
aggregates were ignored. However, it may not be possible to
ignore these interactions in the [P4444]CF3COOwater system
at its critical concentration, as the volume occupied by
[P4444]CF3COO is approximately 40% of the solution, which
suggests that the clusters are dispersed under considerably
dense conditions. However, in the present analysis based on
density fluctuations, such assumptions are not necessary, and
the approach can be applied to any system with inhomogeneity
in electron density, whether the aggregates are distinct struc-
tures such as micelles or fuzzy structures. The only assumption
made in this analysis is that the cations and anions form pairs in
water, such that the ion pairs can be regarded as particles. On
the basis that several water molecules per ion pair are included
in the [P4444]CF3COO-rich phase even after phase separation,94

the fuzzy structure model shown in Figure 12(a) is believed to
accurately depict the mixing state of the [P4444]CF3COOwater
system near the critical concentration. To evaluate the charac-
teristic diameter of the micelles, Guinier96 and Zimm97 plots
were applied to the present SAXS intensity data, but straight
lines were not obtained for either plot. These results therefore
confirm that distinct and independent micelles do not exist in
the mixture evaluated in this study.

While there is an entropic advantage involved in UCST-type
systems, LCST-type phase separation occurs only when the
enthalpy advantage surpasses that of the entropy.68 As has been
previously discussed,91,92 to obtain LCST-type ILs, it is nec-
essary to carefully consider the hydrophobicity and hydro-
philicity of the ions. It is considered that [P4444]CF3COO ion
pairs attract some water molecules around them because of
their hydrophilicity,98 and that the partial molar volume of
water (vw) decreases upon an increase in the concentration of
[P4444]CF3COO.34,35,73 The maximum volume, corresponding
to an extrapolated value at c = 0.0, is equal to that of pure
water in the liquid state, which is very bulky because of the
characteristic three-dimensional network structure that forms
due to hydrogen bonding. The decrease in vw provides evidence
that the structure of the network of water molecules is lost and
replaced with an alternative structure, such as hydrated shells
around the hydrophobic portions of the solute molecules and/
or aggregates within the voids formed by the solute molecules.

Consequently, it is proposed that the [P4444]CF3COOwater
mixtures exist in a fuzzy and misty mixing state, shown in
Figure 12(a), wherein although the aggregates grow drastically
as the critical points approached, the [P4444]CF3COO and water
never completely separate even at the critical point.

7. Conclusion

Fluctuations and KBIs can be used to describe the structures
of disordered systems from a mesoscopic viewpoint in the
range of 10103¡ without an explicit description of the inter-
atomic distances. While microscopic structural information,
usually obtained via diffraction experiments and macroscopic

Figure 12. Mixing state models for mixtures with small
(upper figures) and large (lower figures) fluctuations.34 (a)
Mixture with a large volume difference between the com-
ponents and (b) mixture with small volume difference
between the components. Both of the bottom images
represent the mixing state near the critical point.
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thermodynamic properties, is common in chemistry, the con-
cept of mesoscopic information is fairly unique. This may be
due to the limited methods via which to obtain structural infor-
mation on a mesoscopic scale.

The description of the structure of a solution by its fluctu-
ations involves the introduction of a “coarse graining” method-
ology, which is common in statistical mechanics. To describe
the structure of a material, information is mainly obtained from
diffraction experiments, from which detailed and fine structural
information can be obtained, such as the interatomic distance,
conformation, and arrangement of molecules. So, structural
determination using diffraction is fruitful for gaseous and
crystalline samples; with the former being microscopic in size
and the latter characterized by ordering ranging from micro-
scopic to macroscopic scale. Thermodynamic quantities, which
are values averaged over macroscopic area, give a macroscopic
representation of the properties of a material. In the description
using fluctuations, although detailed and fine structural infor-
mation is lost, information that is not trivial is obtained.
Namely, mesoscopic observations can be used to obtain coarse
but intrinsic information on a sample.

Small-angle scattering, whether X-rays or neutrons, is a
powerful tool that can be used to study the mesoscopic struc-
ture of a system. The scattering or diffraction intensity is de-
scribed as a function of the parameter of reciprocal space, s, as
defined in eq (3.3). As s is inversely proportional to the size of
real space, r, the information at a smaller s-value includes the
structural information of larger real space. Namely, small-angle
scattering intensity gives us structural information on meso-
scopic size, and the extrapolated value of scattering intensity
to s = 0, I(0), corresponds to the thermodynamic limit. This
means that small-angle scattering measurements are an exper-
imental method that can be used to mediate between the
microscopic and macroscopic worlds.

The methodology summed up in this paper involves the use
of the scattering intensity at s = 0, I(0), instead of thermody-
namic quantities such as the Gibbs energy (G) or chemical
potential (®). Which method to choose, namely the measure-
ments of I(0) or G (or ®), may depend on the easiness of the
experiment, the accuracy of the experimental results, and the
diversity of the sample to be applied. As for the former two
points, these two methods have been discussed in Section 3.
Here, we refer to the variety of the applied system. G or ® can
be determined by the measurement of the vapor pressure of the
components that are in equilibrium to the solution. This means
that methods that use G or ® values can only be applied to
solution systems. However, small-angle scattering experiments
are applicable to almost all states, such as amorphous solids,
solutions, gas mixtures, and solution samples in supercritical
states.

Although the experimental procedures are not yet common
and are complicated, the present study introduces the unique-
ness of the structural chemistry of solutions probed using the
concept of fluctuations, from which unprecedented information
on mixing states and mesoscale structures can be obtained. It
is hoped that this method will be developed as a field of solu-
tion chemistry in the future. In addition, there have been recent
research examples of computer simulations to calculate fluctu-
ations and KBIs.99101 The strength of the studies is that they

can select and extract the information of interest only. Combin-
ing the simulated results with experimental ones is expected to
provide complementary information and deepen understanding
of the solution chemistry.

The author is grateful to Associate Professor Takeshi Morita,
Dr. Ayako Nitta and all the collaborators for their contributions
to the scientific activities in her laboratory. She also expresses
her thanks to Prof. Yoshitada Murata, Prof. Takao IIjima and
the late Prof. Kozo Kuchitsu for fruitful discussion on scatter-
ing phenomena and Dr. Yoshikata Koga for useful discussion
on thermodynamic solution chemistry. She is also grateful to
PF for providing the opportunity to perform the SAXS exper-
iments and to Prof. Yoshiyuki Amemiya and PF staffs for help-
ing to carry out SAXS experiments there. This work is partly
supported by JSPS KAKENHI Grant Numbers 04640434,
04238207, 05640439, 05222209, 07240102, 10440167,
13440173, 16350006, 17073002, 21245003, 25248003, and
19H02671.

Supporting Information

To show the analytical process in detail, the actual scattering
intensities of aqueous acetonitrile solutions and their Ornstein-
Zernike plots are shown in the Supporting Information. This
material is available on https://doi.org/10.1246/bcsj.20210205.

References

1 K. Sato, Y. Ito, T. Yomo, K. Kaneko, Proc. Natl. Acad. Sci.
U.S.A. 2003, 25, 4086.

2 P. Bernadó, M. Blackledge, Nature 2010, 468, 1046.
3 S. Yang, L. Blachowicz, L. Makowski, B. Roux, Proc. Natl.

Acad. Sci. U.S.A. 2010, 107, 15757.
4 A. I. Nesterov, G. P. Berman, Phys. Rev. E 2015, 91,

042702.
5 M. Terazima, M. Kataoka, R. Ueoka, Y. Okamoto, Molec-

ular Science of Fluctuations Toward Biological Fluctuations,
Springer, 2016.

6 G. Smoot, K. Davidson, Wrinklesin Time: The Imprint of
Creation, Abacus, 1995.

7 J. C. Mather, J. Boslough, The Very First Light: The True
Inside Story of the Scientific Journey Back to the Dawn of the
Universe, Basic Books, 1996.

8 H. E. Stanley, Introduction to Phase Transitions and
Critical Phenomena, Oxford University Press, Oxford, 1971.

9 N. H. March, Liquid Metals: Concepts and Theory,
Cambridge University Press, Cambridge, 1990.
10 P.E. Smith, E. Matteoli, J.P. O’Connell, Fluctuation Theory

of Solutions: Applications in Chemistry, Chemical Engineering,
and Biophysics, CRC Press, Baca Raton, 2013.
11 A. B. Bhatia, D. E. Thornton, Phys. Rev. B 1970, 2, 3004.
12 Y. Waseda, The Structure of non-crystalline materials:

Liquids and Amorphous Solids, McGraw-Hill Inc, New York, 1980.
13 L. D. Landau, E. M. Lifshitz, Statistical Physics (Course of

Theoretical Physics Vol.5). https://archive.org/details/ost-physics-
landaulifshitz-statisticalphysics.
14 K. Nishikawa, Chem. Phys. Lett. 1986, 132, 50.
15 K. Nishikawa, Y. Kodera, T. Iijima, J. Phys. Chem. 1987,

91, 3694.
16 H. Hayashi, K. Nishikawa, T. Iijima, J. Appl. Crystallogr.

1990, 23, 134.

2184 | Bull. Chem. Soc. Jpn. 2021, 94, 2170–2186 | doi:10.1246/bcsj.20210205 © 2021 The Chemical Society of Japan

https://doi.org/10.1246/bcsj.20210205
https://doi.org/10.1038/4681046a
https://doi.org/10.1073/pnas.1004569107
https://doi.org/10.1073/pnas.1004569107
https://doi.org/10.1103/PhysRevE.91.042702
https://doi.org/10.1103/PhysRevE.91.042702
https://doi.org/10.1103/PhysRevB.2.3004
https://archive.org/details/ost-physics-landaulifshitz-statisticalphysics
https://archive.org/details/ost-physics-landaulifshitz-statisticalphysics
https://doi.org/10.1016/0009-2614(86)80692-3
https://doi.org/10.1021/j100297a047
https://doi.org/10.1021/j100297a047
https://doi.org/10.1107/S0021889889012331
https://doi.org/10.1107/S0021889889012331
https://doi.org/10.1246/bcsj.20210205


17 K. Nishikawa, J. Cryst. Soc. Jpn. 1994, 36, 31.
18 K. Nishikawa, T. Morita, Mol. Sci. 2012, 6, A0054.
19 Y. Koga, Chem. Phys. Lett. 1984, 111, 176.
20 K. Nishikawa, H. Hayashi, T. Iijima, J. Phys. Chem. 1989,

93, 6559.
21 H. Hayashi, K. Nishikawa, T. Iijima, J. Phys. Chem. 1990,

94, 8334.
22 K. Nishikawa, T. Iijima, J. Phys. Chem. 1993, 97, 10824.
23 J. Hu, C. A. Haynes, A. H. Y. Wu, C. M. W. Chang,

M. G. M. Chen, E. G. M. Yee, T. Ichioka, K. Nishikawa, Y. Koga,
Can. J. Chem. 2003, 81, 141.
24 M. Misawa, K. Yoshida, J. Phys. Soc. Jpn. 2000, 69, 3308.
25 L. Almásy, L. Cser, G. Jancso, J. Mol. Liq. 2002, 101, 89.
26 L. Almásy, G. Jancso, J. Mol. Liq. 2004, 113, 61.
27 L. Almásy, A. Len, N. K. Szekely, J. Plestil, Fluid Phase

Equilib. 2007, 257, 114.
28 L. Almásy, M. Turmine, A. Perera, J. Phys. Chem. B 2008,

112, 2382.
29 H. Ohgi, H. Imamura, T. Sumi, K. Nishikawa, Y. Koga, P.

Westh, T. Morita, Phys. Chem. Chem. Phys. 2021, 23, 5760.
30 H. Hayashi, Y. Udagawa, Bull. Chem. Soc. Jpn. 1992, 65,

600.
31 Y. Koga, K. Nishikawa, K. Yoshino, I. Tanaka, Y. Xu, Y.

Amemiya, Chem. Phys. Lett. 1994, 228, 53.
32 K. Nishikawa, Y. Kasahara, T. Ichioka, J. Phys. Chem. B

2002, 106, 693.
33 T. Takamuku, Y. Noguchi, M. Matsugami, H. Iwase, T.

Otomo, M. Nagao, J. Mol. Liq. 2007, 136, 147.
34 A. Nitta, T. Morita, S. Saita, Y. Kohno, H. Ohno, K.

Nishikawa, Chem. Phys. Lett. 2015, 628, 108.
35 A. Nitta, T. Morita, H. Ohno, K. Nishikawa, Aust. J. Chem.

2019, 72, 93.
36 T. Morita, K. Nishikawa, Chem. Phys. Lett. 2004, 389, 29.
37 T. Morita, H. Murai, S. Kase, K. Nishikawa, Chem. Phys.

Lett. 2012, 543, 68.
38 S. Shibuta, H. Imamura, K. Nishikawa, T. Morita, Chem.

Phys. 2017, 487, 30.
39 H. Ohtaki, T. Radnai, Chem. Rev. 1993, 93, 1157.
40 H. Ohtaki, Monatsh. Chem. 2001, 132, 1237.
41 J. G. Kirkwood, F. P. Buff, J. Chem. Phys. 1951, 19, 774.
42 A. Ben-Naim, J. Chem. Phys. 1977, 67, 4884.
43 A. Ben-Naim, Pure Appl. Chem. 1990, 62, 25.
44 A. Ben-Naim, A Molecular theory of Solutions, Oxford

University Press, New York, 2006.
45 M. C. A. Donkersloot, J. Solution Chem. 1979, 8, 293.
46 K. J. Patil, J. Solution Chem. 1981, 10, 315.
47 E. Matteoli, L. Lepori, J. Chem. Phys. 1984, 80, 2856.
48 Y. Marcus, Phys. Chem. Chem. Phys. 1999, 1, 2975.
49 Y. Marcus, Phys. Chem. Chem. Phys. 2000, 2, 4891.
50 Y. Marcus, Monatsh. Chem. 2001, 132, 1387.
51 Y. Marcus, Phys. Chem. Chem. Phys. 2002, 4, 4462.
52 R. Chitra, P. E. Smith, J. Phys. Chem. B 2002, 106, 1491.
53 S. Weerasinghe, O. E. Smith, J. Phys. Chem. B 2003, 107,

3891.
54 P. E. Smith, J. Phys. Chem. B 2004, 108, 18716.
55 S. Weerasinghe, O. E. Smith, J. Phys. Chem. B 2005, 109,

15080.
56 P. E. Smith, Biophys. J. 2006, 91, 849.
57 P. E. Smith, R. M. Mazo, J. Phys. Chem. B 2008, 112, 7875.
58 P. E. Smith, J. Chem. Phys. 2008, 129, 124509.
59 N. Bentenitis, N. R. Cox, P. E. Smith, J. Phys. Chem. B

2009, 113, 12306.

60 E. A. Ploetz, N. Bentenitis, P. E. Smith, J. Chem. Phys.
2010, 132, 164501.
61 E. A. Ploetz, P. E. Smith, J. Chem. Phys. 2011, 135,

044506.
62 E. A. Ploetz, P. E. Smith, Adv. Chem. Phys. 2013, 153, 311.
63 G. N. Pallewela, P. E. Smith, J. Phys. Chem. B 2015, 119,

15706.
64 K. Nishikawa, I. Tanaka, Y. Amemiya, J. Phys. Chem.

1996, 100, 418.
65 K. Nishikawa, T. Morita, J. Phys. Chem. B 1997, 101,

1413.
66 T. Morita, K. Kusano, H. Ochiai, K. Saitow, K. Nishikawa,

J. Chem. Phys. 2000, 112, 4203.
67 A. A. Arai, T. Morita, K. Nishikawa, J. Chem. Phys. 2003,

119, 1502.
68 Y. Koga, Solution Thermodynamics and Its Application to

Aqueous Solutions: A Differential Approach, Elsevier, Amsterdam,
2007.
69 Y. Koga, J. Phys. Chem. 1996, 100, 5172.
70 Y. Koga, Phys. Chem. Chem. Phys. 2013, 15, 14548.
71 L. Van Hove, Phys. Rev. 1954, 95, 249.
72 A. Guinier, X-ray Diffraction; In Crystals, Imperfect

Crystals, and Amorphous Bodies, French Edition Dunod, Paris,
1956. Translated by P. Lorrain and D. S-M. Lorrain, Dover
Publishing, New York, 1994.
73 A. Nitta, Doctor Thesis, Chiba University, 2017.
74 K. Wakabayashi, Y. Amemiya, Handbook on synchrotron

Radiation, Ed. by S. Ebashi, M. Koch, E. Rubinstein, North-
Holland, Amsterdam, 1991, Chapter 19.
75 N. Shimizu, T. Mori, N. Igarashi, H. Ohta, Y. Nagatani, T.

Kosuge, K. Ito, J. Phys.: Conf. Ser. 2013, 425, 202008.
76 T. Morita, Y. Tanaka, K. Ito, Y. Takahashi, K. Nishikawa,

J. Appl. Crystallogr. 2007, 40, 791.
77 C. Huang, K. T. Wikfeldt, T. Tokushima, D. Nordlund, Y.

Harada, U. Bergmann, M. Niebuhr, T. M. Weiss, Y. Horikawa, M.
Leetmaa, M. P. Ljungberg, O. Takahashi, A. Lenz, L. Ojamäe,
A. P. Lyubartsev, S. Shin, L. G. M. Pettersson, A. Nilsson, Proc.
Natl. Acad. Sci. U.S.A. 2009, 106, 15214.
78 T. Morita, K. Yonenaga, A. Nitta, S. Shibuta, K. Nishikawa,

J. Mol. Liq. 2018, 272, 425.
79 D. A. Armitage, M. J. Blandamer, M. J. Foster, N. J.

Hidden, K. W. Morcom, M. C. R. Symons, M. J. Wootten, Trans.
Faraday Soc. 1968, 64, 1193.
80 D. F. Grant-Taylor, D. D. Macdonald, Can. J. Chem. 1976,

54, 2813.
81 M. J. Blandamer, N. J. Blundell, J. Burgess, H. J. Cowles,

M. Horn, J. Chem. Soc., Faraday Trans. 1990, 86, 277.
82 Y. Satoh, K. Nakanishi, Fluid Phase Equilib. 1995, 104, 41.
83 P. V. Nikolova, A. J. B. Duff, P. Westh, C. A. Haynes, Y.

Kasahara, K. Nishikawa, Y. Koga, Can. J. Chem. 2000, 78, 1553.
84 O. Steinhauser, H. Bertagnolli, Chem. Phys. Lett. 1981, 78,

555.
85 T. Radnai, S. Itoh, H. Ohtaki, Bull. Chem. Soc. Jpn. 1988,

61, 3845.
86 T. Takamuku, M. Tabata, A. Yamaguchi, J. Nishimoto, M.

Kuma-moto, H. Wakita, T. Yamaguchi, J. Phys. Chem. B 1998,
102, 8880.
87 For example: J. F. Wishart, E. W. Castner, Jr., The special

issue of J. Phys. Chem. B 2007, 111, 4639.
88 U. Schröder, J. D. Wadhawan, R. G. Compton, F. Marken,

P. A. Z. Suarez, C. S. Consorti, R. F. de Souza, J. Dupont, New J.
Chem. 2000, 24, 1009.

Bull. Chem. Soc. Jpn. 2021, 94, 2170–2186 | doi:10.1246/bcsj.20210205 © 2021 The Chemical Society of Japan | 2185

https://doi.org/10.5940/jcrsj.36.31
https://doi.org/10.3175/molsci.6.A0054
https://doi.org/10.1016/0009-2614(84)80459-5
https://doi.org/10.1021/j100354a054
https://doi.org/10.1021/j100354a054
https://doi.org/10.1021/j100384a062
https://doi.org/10.1021/j100384a062
https://doi.org/10.1021/j100143a049
https://doi.org/10.1139/v03-007
https://doi.org/10.1143/JPSJ.69.3308
https://doi.org/10.1016/S0167-7322(02)00084-3
https://doi.org/10.1016/j.molliq.2004.02.037
https://doi.org/10.1016/j.fluid.2007.05.016
https://doi.org/10.1016/j.fluid.2007.05.016
https://doi.org/10.1021/jp076185e
https://doi.org/10.1021/jp076185e
https://doi.org/10.1039/D0CP05103A
https://doi.org/10.1246/bcsj.65.600
https://doi.org/10.1246/bcsj.65.600
https://doi.org/10.1016/0009-2614(94)00903-1
https://doi.org/10.1021/jp011964v
https://doi.org/10.1021/jp011964v
https://doi.org/10.1016/j.molliq.2007.02.009
https://doi.org/10.1016/j.cplett.2015.03.026
https://doi.org/10.1071/CH18380
https://doi.org/10.1071/CH18380
https://doi.org/10.1016/j.cplett.2004.03.031
https://doi.org/10.1016/j.cplett.2012.06.009
https://doi.org/10.1016/j.cplett.2012.06.009
https://doi.org/10.1016/j.chemphys.2017.02.003
https://doi.org/10.1016/j.chemphys.2017.02.003
https://doi.org/10.1021/cr00019a014
https://doi.org/10.1007/s007060170016
https://doi.org/10.1063/1.1748352
https://doi.org/10.1063/1.434669
https://doi.org/10.1351/pac199062010025
https://doi.org/10.1007/BF00650747
https://doi.org/10.1007/BF00647036
https://doi.org/10.1063/1.447034
https://doi.org/10.1039/a900459i
https://doi.org/10.1039/b002966l
https://doi.org/10.1007/s007060170023
https://doi.org/10.1039/b205180j
https://doi.org/10.1021/jp011462h
https://doi.org/10.1021/jp022049s
https://doi.org/10.1021/jp022049s
https://doi.org/10.1021/jp0474879
https://doi.org/10.1021/jp051773i
https://doi.org/10.1021/jp051773i
https://doi.org/10.1529/biophysj.105.078790
https://doi.org/10.1021/jp712179w
https://doi.org/10.1063/1.2982171
https://doi.org/10.1021/jp904806f
https://doi.org/10.1021/jp904806f
https://doi.org/10.1063/1.3398466
https://doi.org/10.1063/1.3398466
https://doi.org/10.1063/1.3615718
https://doi.org/10.1063/1.3615718
https://doi.org/10.1002/9781118571767.ch4
https://doi.org/10.1021/acs.jpcb.5b10139
https://doi.org/10.1021/acs.jpcb.5b10139
https://doi.org/10.1021/jp951803p
https://doi.org/10.1021/jp951803p
https://doi.org/10.1021/jp963075r
https://doi.org/10.1021/jp963075r
https://doi.org/10.1063/1.480965
https://doi.org/10.1063/1.1579678
https://doi.org/10.1063/1.1579678
https://doi.org/10.1021/jp952372d
https://doi.org/10.1039/c3cp51650d
https://doi.org/10.1103/PhysRev.95.249
https://doi.org/10.1088/1742-6596/425/20/202008
https://doi.org/10.1107/S0021889807022248
https://doi.org/10.1073/pnas.0904743106
https://doi.org/10.1073/pnas.0904743106
https://doi.org/10.1016/j.molliq.2018.09.100
https://doi.org/10.1039/tf9686401193
https://doi.org/10.1039/tf9686401193
https://doi.org/10.1139/v76-398
https://doi.org/10.1139/v76-398
https://doi.org/10.1039/FT9908600277
https://doi.org/10.1016/0378-3812(94)02638-H
https://doi.org/10.1139/v00-140
https://doi.org/10.1016/0009-2614(81)85257-8
https://doi.org/10.1016/0009-2614(81)85257-8
https://doi.org/10.1246/bcsj.61.3845
https://doi.org/10.1246/bcsj.61.3845
https://doi.org/10.1021/jp9824297
https://doi.org/10.1021/jp9824297
https://doi.org/10.1021/jp072262u
https://doi.org/10.1039/b007172m
https://doi.org/10.1039/b007172m
https://doi.org/10.1246/bcsj.20210205


89 M. Erbeldinger, A. J. Mesiano, A. J. Russell, Biotechnol.
Prog. 2000, 16, 1129.
90 M. G. Freire, P. J. Carvalho, A. M. Fernandes, I. M.

Marrucho, A. J. Queimada, J. A. P. Coutinho, J. Colloid Interface
Sci. 2007, 314, 621.
91 Y. Kohno, H. Ohno, Chem. Commun. 2012, 48, 7119.
92 Y. Kohno, H. Arai, S. Saita, H. Ohno, Aust. J. Chem. 2011,

64, 1560.
93 K. Fukumoto, H. Ohno, Angew. Chem., Int. Ed. 2007, 46,

1852.
94 Y. Kohno, H. Ohno, Phys. Chem. Chem. Phys. 2012, 14,

5063.
95 R. Wang, W. Leng, Y. Gao, Li. Yu, RSC Adv. 2014, 4,

14055.

96 A. Guinier, G. Fournet, “Small-Angle Scatteirng of
X-rays”, John Wiley & Sons Inc., New York (1955).
97 O. Glatter, O. Kratky, “Data treatment. In Small Angle

X-Ray Scattering”, Academic Press, New York (1982).
98 A. Nitta, T. Morita, K. Nishikawa, Y. Koga, Phys. Chem.

Chem. Phys. 2017, 19, 16888.
99 X. Liu, X. Liu, S. K. Schnell, J. M. Simon, D. Bedeaux, S.

Kjelstrup, A. Bardow, T. J. H. Vlugt, J. Phys. Chem. B 2011, 115,
12921.
100 P. Krüger, S. K. Schnell, D. Bedeaux, S. Kjelstrup, T. J. H.
Vlugt, J. M. Simon, J. Phys. Chem. Lett. 2013, 4, 235.
101 N. Dawass, P. Krüger, S. K. Schnell, J. M. Simon, T. J. H.
Vlugt, Fluid Phase Equilib. 2019, 486, 21.

2186 | Bull. Chem. Soc. Jpn. 2021, 94, 2170–2186 | doi:10.1246/bcsj.20210205 © 2021 The Chemical Society of Japan

https://doi.org/10.1021/bp000094g
https://doi.org/10.1021/bp000094g
https://doi.org/10.1016/j.jcis.2007.06.003
https://doi.org/10.1016/j.jcis.2007.06.003
https://doi.org/10.1039/c2cc31638b
https://doi.org/10.1071/CH11278
https://doi.org/10.1071/CH11278
https://doi.org/10.1002/anie.200604402
https://doi.org/10.1002/anie.200604402
https://doi.org/10.1039/c2cp24026b
https://doi.org/10.1039/c2cp24026b
https://doi.org/10.1039/c3ra46910g
https://doi.org/10.1039/c3ra46910g
https://doi.org/10.1039/C7CP02997G
https://doi.org/10.1039/C7CP02997G
https://doi.org/10.1021/jp208360s
https://doi.org/10.1021/jp208360s
https://doi.org/10.1021/jz301992u
https://doi.org/10.1016/j.fluid.2018.12.027
https://doi.org/10.1246/bcsj.20210205

