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Introduction

Liquid mixtures exhibit various phenomena which cannot be found in pure substances.
The most interesting of these are perhaps the new types of phase equilibria which arise
from the extra degrees of freedom introduced by the possibility of varying the proportions
of the components. In some mixtures there are such regions in the phase space, in
which the mixture demixes into two parts, which have di�erent compositions and are in
equilibrium with each other. Such systems are said to be partially miscible. In some
partially miscible systems the phase diagram is more complicated: the immiscibility
region is completely surrounded by a miscible region, or even more than one immiscible
region can exist. Such systems are called mixtures with reentrant miscibility, or reentrant
mixtures.

Many attempts have been made to explain the physical mechanisms which lead to
partial miscibility but so far only thermodynamic models have been able to explain
some types of phase diagrams with immiscibility regions. By this classical tool however
the microscopic driving mechanism of the phase separation is not seen. Experimental
information on the structure and dynamics on atomic scale in mixtures approaching
phase separation is still missing.

The aqueous solutions of methyl-substituted pyridines constitute an interesting and
widely studied family of such mixtures. The pyridine molecule is polar, has a hydrogen
bond acceptor part and a large hydrophobic part. In the methyl-substituted pyridines
the methyl group enlarges the hydrophobic part, but also a�ects the hydrogen bonding
ability by redistribution of the electron charge in the ring. By varying the position of
the methyl substituent, the strength of the methylpyridine � water hydrogen bond can
be changed.

The physical and chemical properties of most of the aqueous solutions of the methyl-
substituted pyridines have been studied in details, so these mixtures can serve as model
systems for studying various aspects of the mixing behavior.

The investigations collected in the present work intended to get an insight into the
structure and dynamics of aqueous solutions of methyl-substituted pyridines at micro-
scopic level. We used for this purpose various experimental techniques � small-angle
neutron scattering, quasielastic neutron scattering, and nuclear magnetic resonance.
Theese tools are sensitive to the structural arrangement of the atoms and molecules
and to their motions. By comparing the experimental results obtained on di�erent
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Introduction

methylpyridine solutions with their miscibility behavior and molecular structures (avail-
able from literature data), we expected to obtain information regarding the relations
between macroscopic and microscopic properties of the system, thus connecting the dif-
ferent physical aspects of the studied phenomena.

Experimental tools
The primary aim of the present studies was to investigate the behavior of the mixtures
on atomic level, that is to measure their structure and dynamics. The knowledge of
the structure is essential for revealing the nature of the intermolecular interactions.
Di�raction techniques probe the structure in a direct way: there exists an equivocal
mapping of the structure to the measured di�raction pattern. This allows one to develop
structural models of the investigated systems, which are in the best possible agreement
with the measurements.

The knowledge of the dynamics at the level of movements of individual atoms, atomic
groups or molecules can also help a lot in understanding the behavior of the intermolec-
ular interactions. There exist several experimental methods that are also sensitive to
the microscopic dynamic behavior, such as NMR or di�erent electromagnetic relaxation
techniques. Neutron scattering allows one to look into the molecular motions directly
by following the variation of the position of the scattering particles.

Small-angle neutron scattering By small-angle neutron scattering (SANS) one can
investigate the static (time-averaged) structure of liquid solutions on mesoscopic scale.
It can furnish information about the way of aggregation of molecules. Geometrical
quantities related to the interaction between molecules and their aggregates thus can be
obtained.

Quasielastic neutron scattering In a quasielastic neutron scattering (QENS) exper-
iment the movements of the nuclei are followed by measuring the energy and impulse
exchange of the nuclei with a neutron. The typical time scale covered in the experiment
makes it possible to study the di�usive and rotational motions of molecules in liquid
state. Due to the high incoherent scattering cross-section of the proton the QENS is an
e�ective tool to probe motion of molecules containing hydrogen atoms.

NMR The nuclear magnetic resonance technique measures the spin relaxation process
of an arti�cially excited nucleus. The relaxation rate depends on the surrounding of the
nucleus, so in an NMR experiment information can be obtained about the structure and
dynamics of the local arrangement of the probed nuclei.
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Part I.

Liquid mixtures
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1. Phenomena of partial miscibility

Partial miscibility can be found in various kinds of multicomponent systems: mixtures
of gases, liquid and solid alloys, liquid crystals, polymer blends and liquid solutions
(see e.g. [1]). Partial miscibility is often called phase splitting. The possibility of such
behavior can be deduced from the phase rule of Gibbs: A system of one component
with one phase has two degrees of freedom (temperature and pressure, for example).
A two-component system with one phase has three degrees of freedom, temperature,
pressure and composition. This results in the possibility of forming two coexistent
phases at a given temperature and pressure, in which the compositions are di�erent.
The compositions of the two phases are related to each other because the total amount
of the components in the system is �xed.

Aqueous solutions of several organic liquids (e.g. alcohols, heterocyclic compounds,
tetrahydrofurane, acetonitrile) exhibit two regions in the phase diagram in concentration-
temperature coordinates. Varying thermodynamic parameters, like temperature or pres-
sure, a phase transition takes place: the mixture becomes non-homogeneous, microre-
gions form which contain the two components in di�erent proportions.

Due to their di�erent densities and the gravity they separate and form "upper phase"
and "lower phase" in the cuvette. Prior to phase separation, usually at one or two
degrees below the separation temperature, the liquid turns to be opaque. This is due
to the scattering of the visible light on the inhomogeneities with sizes comparable to
the wavelength of the light. This is an indication that the demixing is preceeded by
microscopic �uctuations of composition.

The demixing tendency in such systems can be observed already in the one - phase
region. Many experimentally measurable properties have strong extrema at some inter-
mediate concentration, and these extrema become stronger as the system is approaching
the phase-separation line of the phase diagram. The presence of small-angle scattering,
and the observation of the critical opalescence also indicate that in the homogeneous
region the mixtures are not homogeneous at microscopical scales. In other words, ag-
gregates, or at least regions with di�erent compositions are present in the solutions.

The mechanism leading to phase separation undoubtably should be searched in the
interactions between the similar and di�erent molecules. Studying of the structure and
the dynamics of the liquid at this level requires experimental techniques sensitive to
interatomic and intermolecular interactions.
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1.1. Thermodynamic models

1.1. Thermodynamic models
Thermodynamic approach is very useful for understanding the behavior of liquids and
liquid mixtures. The thermodynamic criteria of splitting in multicomponent mixtures
are well understood. A binary system is stable (macroscopically homogeneous) if the
following equation holds:

∂2GE

∂x2
1

> − RT

x1x2

(1.1)

GE is the excess Gibbs free energy of mixing, x1 and x2 are the mole fractions of
the components. The excess Gibbs free energy can be formally written as a function of
concentration and of one or several parameters, which can be temperature and pressure
dependent. Their temperature dependence may have a form, leading to the reentrant
miscibility, when the system is miscible at low and high temperatures and shows a
closed immiscibility loop in between. The form of the excess free energy function and
the parameters should be related to quantities characterizing the microscopic interaction
between the components, which can be very complex for real systems.

For understanding the behavior of the system, it is useful to start with some model of
interactions between the molecules. One of the simplest models is the Bragg-Williams
model, we shall look how it can relate the macroscopic phase behavior of a mixture to
microscopic, interparticle interactions.

Bragg-Williams theory
The Bragg-Williams theory, called also the theory of regular solutions [2], is based on
a lattice model, where each site can accommodate one molecule irrespective of type
and size. All lattice positions are supposed to be occupied, and the following basic
assumptions are used:

1. The mixture is random.
2. The number of neighbors is constant.
3. The interaction is limited to neighbors.
Introducing only pairwise interaction energies, independent of concentration and tem-

perature, some useful results can be simply derived. The important quantity to calculate
is the excess Gibbs free energy, or free energy of mixing: GE = ∆E − T∆S. The re-
quirement for two liquids to be miscible is that GE < 0. A demixing into two parts with
di�erent compositons will occur if the GE(x) has two minima at di�erent compositions,
thus it has a maximum in between.

For one mole of the regular solution the free energy of mixing can be written:

GE/RT = χx1x2 + x1 ln x1 + x2 ln x2 (1.2)

where x1 and x2 are the mole fractions of the components, χ = wz/kT , z is the
number of neighbors, and w is the average interaction energy per one molecule:
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1. Phenomena of partial miscibility

w = w12 − w11/2 − w22/2. wij are the pairwise interaction energies. The interaction
energy parameter w is positive when the interaction between the non-similar species is
more attractive than the interactions between the similar species. The second derivative
of the free energy of mixing becomes zero when the parameter χ reaches the value of 2.
At χ > 2 a phase separation takes place.

According to this simpli�ed model a binary mixture must undergo a phase separa-
tion when lowering the temperature if the attractive interaction between the nonsimilar
species is much stronger than the (non-repulsive) interaction between the similar species.
This phenomenon is indeed observed in many liquid mixtures, the temperature of phase
separation is the upper critical solution temperature (UCST).

In real systems one may sometimes �nd that phase separation takes place with in-
creasing the temperature; this goes outside the Bragg-Williams model. We discuss such
behavior in the next sections.

1.2. Models based on simpli�ed intermolecular
interaction

There are some statistical mechanical theories which can explain the appearance of
reentrant phase behavior in binary mixtures. These theories are based on lattice models,
therefore they can only give a hint on the particular interaction, responsible for the phase
separation. Usually, a particularly important parameter in these models is the strength
of the hydrogen bond that forms between unlike molecules.

Hirschfelder in 1937 suggested that phase separation that occurs while temperature is
increasing can be related to the formation of a directional bond between two nonsimilar
molecules [3]. The presence of such bonded pairs is favourable energetically, but destroys
the randomness of the distribution of the species. The con�gurational entropy is lowered
due to forming stable pairs, and also the entropy related to the rotational degrees of
freedom is lowered. A hydrogen bond is a typical example for such bonding interaction.

This idea of the strong directional bonds has been incorporated in lattice models,
and resulted in the appearance of closed immiscibility regions in the simulated binary
mixtures. Due to the increasing complexity of the models, now lattice gas models with
directional bonds can reproduce many closed loops observed in real systems using only
a few adjustable parameters [1].

Further development would be to go from lattice models to continuous models, and to
give a statistical mechanical description of the phase separation in which the potentials
resemble the real continuous intermolecular potentials.

A step in this direction was made recently by Pápai and Jancsó [4]. They calculated
by theoretical methods the strength of the hydrogen bond between a water molecule and
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1.3. Computer simulations

di�erent methylpyridine molecules, aiming to relate the geometry and the energy of this
interaction with the miscibility behavior of the di�erent methylpyridine solutions.

Another, recently proposed model [5] deals with interactions between a water and
a methylpyridine molecule, and assume the possibility of forming one or two H-bonds
simultaneously between the two molecules. We describe this model in the section 1.4.

1.3. Computer simulations
At the present time the computer simulations of realistic ensembles of molecules are
a useful and continuously developing tool to get the liquid structure at atomic level.
However, Monte Carlo simulations or molecular dynamics simulations seem to be hardly
applied to mixtures with high degree of non-ideality. The intermolecular potentials are
usually determined empirically, in order to �t the properties of the pure components,
and the cross interaction potentials between the sites of the non-similar species are
de�ned using some averaging forms. In result, while the interactions between the similar
molecules are often modeled on a satisfactory level, the peculiarities of the interactions
between the non-similar molecules can be easily lost, and the excluded volume e�ects may
dominate the behavior of the simulated liquid mixture. Another technical di�culty is the
required large size of the simulation box, where the composition �uctuations and phase
separation could be eventually observed. Such size is probably too big for the present
computer power. As it is known from small-angle scattering experiments performed on
liquid mixtures with limited miscibility, long-range correlations in the composition with
dimensions above 20 Å are often present. If the simulation box size does not exceed
substantially these lengths, then the regions with low and high solute concentrations
cannot evolve during the simulation, thus even the intermolecular arrangement at the
level of the closest neighbors looses its correctness.

Only in some recent simulation works the demixing tendency was observed in liquid
mixtures (pyridine - water [6], urea - water [7]). The accuracy of these simulations
(system size and time of simulations) have not made it possible to obtain quantitative
estimates of the aggregation or dimerization of the solute molecules, though such studies
might be promising in the future.
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1. Phenomena of partial miscibility

1.4. A possible mechanism of reentrant phase
transition

We close this chapter by describing in more detail a model of the reentrant miscibility in
aqueous solutions of methylpyridine, proposed recently by Brovchenko and Oleinikova
[5, 8].

Suppose that in the solution, the methylpyridine (MP) can connect to a water molecule
forming two types of hydrogen bonds: one to the N atom, the second one to the π
electron cloud of the pyridine ring. In the solution there are three populations of the
MP molecules: forming one H-bond with a water molecule (via the N atom), forming
two bonds or having no bonds at all.

If an MP is connected to a water molecule only by a single bond, then this water
is able to form other H-bonds with other water molecules, thus the MP molecule will
be connected to a group of water molecules. At high methylpyridine concentrations
there is not enough water to form such shells around each MP molecules. Those MP
molecules, which cannot be surrounded by a water shell, will therefore aggregate. The
MP molecules surrounded by water shells will form the solvent-rich phase, with some
characteristic average composition.

In the other two cases, when the MP forms two or zero H-bonds with a water molecule,
no stable water shell can be formed around the MP, so the mixture does not exhibit phase
separation. The probability of the average number of H-bonds between the MP and the
water depends on the strength of the bonds and on the temperature.

This model can reproduce the temperature behavior of the phase separation. The
proportion of the numbers of MP molecules belonging to the three populations changes
with temperature. Raising the temperature more MP molecules will appear having less
(one or zero) H-bonds. In this way at some intermediate temperatures there is a max-
imum of MP molecules having only one H-bond, and if this number is su�ciently high
then a phase separation can take place. Further increase of the temperature diminishes
the number of MP molecules with a single H-bond, thus the mixture becomes miscible
again.

In summary, the previous theoretical studies could explain more or less accurately the
phenomena of partial miscibility, including also the reentrant-type of phase behavior.
However they deal always with rather crude models. In fact, there is not yet direct
experimental information about the mechanism of the molecular interactions in unmixing
solutions. Moreover, it is not yet known, whether it is possible to obtain such direct
information by experimental methods, that is why any experimental information, related
with these phenomena can be useful. This is the aim of our studies: to study liquid
mixtures in a such state, where the system is close to the demixing and its behavior
shows up features characteristic for the phase separation.

In the next chapters we describe those theoretical and experimental tools we have used,
and summarize some results of previous studies on aqueous solutions of methylpyridines.
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2. Aqueous solutions of
methyl-substituted pyridines

2.1. Pyridine and methyl-substituted pyridines
Pyridine is one of the simplest aromatic heterocyclic molecules. Its dipole moment can
lead to dipole-dipole intermolecular interaction, and the hydrogen bond acceptor ability
of the molecule gives rise to various phenomena in solutions where such interactions are
possible, for example in water.

In methylpyridines (called also picolines) one methyl group is attached to the pyridine
ring, in ortho, metha or para position to the nitrogen atom. The molecules are called re-
spectively 2-methylpyridine (2MP), 3-methylpyridine (3MP) or 4-methylpyridine (4MP).
The dimethylpyridines (called also lutidines) have two methyl substituents. Pyridine, pi-
colines and lutidines are liquids with freezing points between +10 and −50◦C and boiling
points above +120◦C. The molecular geometries of many of them have been determined
by X-ray di�raction and were calculated with using approximations of di�erent levels in
quantum chemical methods (e.g. [4]). The liquid state structure of pyridine has been in-
vestigated by neutron [10] and X-ray di�raction [10, 11], and by MD simulations [11, 12].
These studies suggested that the structure of the liquid is determined mainly by steric
e�ects (excluded volume packing), and a weak alignment of the neighboring molecules is
caused by the dipole moment of the pyridine. Pure liquid methyl-substituted pyridines
have not yet been investigated by scattering techniques. Some authors say that the
association of the pyridine bases can occur as a result of N · · · π interactions between
the free electron pair on the nitrogen of one molecule with the aromatic ring π electrons
of another molecule [13].

Figure 2.1.: Molecular structures of 2-methylpyridine, 3-methylpyridine
and 4-methylpyridine.
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2. Aqueous solutions of methyl-substituted pyridines

 

Figure 2.2.: Position of two neighboring 3MP molecules in the crystal.
The proton of the methyl group on the upper molecule looks towards the
center of the pyridine ring of the molecule below.

2.1.1. Crystal structure of methylpyridines
The crystal structures of 2MP and 3MP and four dimethylpyridines were determined by
Davies and Bond in 2001-2002 using single-crystal X-ray di�raction [14, 15, 16, 17, 18,
19]. The structure of pyridine and 4-methylpyridine are known since longer time [20, 21].
The di�culties connected with the preparation of single crystals at low temperature were
probably the main reason why these simple molecular crystal structures were determined
relatively late.

Not being aware of studies of Davies and Bond, we have also started experiments
on measuring the crystalline structures of methylpyridines by X-ray di�raction. Single
crystal of 3MP has been grown and its structure has been determined by A. Cousson
at the LLB[ not published ]. An interesting feature was observed: the closest approach
between two neighboring molecules has such form, that a proton of the methyl group
looks directly to the center of the pyridine ring of the neighboring molecule (�gure 2.2).

2-methylpyridine has been crystallised and measured by I. Vorontsov in Moscow. The
crystal structure can be described as follows [23]: " Interesting peculiarity of the crystal
packing of [2MP] is the C � H · · · π intermolecular contact with short H · · · X distance
2.64Å, which can bring about the packing motif of [2MP] (X is the center of the aromatic
ring, C is a carbon atom of the ring)." The crystal structure is shown in Fig. 2.3.
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2.1. Pyridine and methyl-substituted pyridines

Figure 2.3.: Crystal packing of 2MP. Dashed lines represent C � H · · · π contacts between
H atoms and centers of the pyridine rings [23].

The distances of these contacts are short enough to consider them as possible week C
� H · · · π bonds, which might play some role in the forming of the crystal structure. The
existence of similar contacts have attracted considerable attention in the last years, as
analysis of many structures of molecular crystals and crystal structures of solid solutions
showed up the presence of such close contacts [25].

The same structure can be described in di�erent ways, accenting on those features
which are considered to be important for one or another reason. For example, describing
the crystal structures of 2MP and 3MP, Bond and Davies did not mention at all C �
H · · · π contacts. Instead, they were apparently looking for C � H · · · N contacts, and
indeed they have found one or two such contacts between neighboring 2MP molecules,
and noted that "there are no apparent directional C � H · · · N interactions" in the 3MP
crystal [14, 15].

Although quantum chemical calculations have not yet been performed looking for
possible energy minima in these contacts, these experimental �ndings may indicate the
existence of some kind of interaction between the proton and the π-electron cloud of
the ring, or between the proton and a neighboring H-bond acceptor nitrogen. If these
interactions have energy minima (or su�ciently low energies), then it may happen that
they can facilitate direct aggregation of methylpyridines (i. e. formation of contact-
pairs) in the liquid state or in solutions.
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2. Aqueous solutions of methyl-substituted pyridines

2.1.2. Crystal hydrates
Besides the crystal structures of the pure methylpyridines, the possible existence of
low-temperature clathrate hydrates in methylpyridine solutions can be also interesting.
There is a common opinion that structure of many aqueous solutions of hydropho-
bic molecules at some characteristic concentration resembles the structure of a low-
temperature crystalline state, in which the solute molecule is surrounded by a shell of
water molecules [26]. The stability of such a structure in the liquid state can explain
the behavior of the compressibility with variation of temperature and composition. In
many aqueous solutions of alcohols at certain concentrations the compressibility does not
change with temperature, suggesting therefore a rather stable structure of the solution.

Up to now only crystalline pyridine trihydrate [20] and 4-methylpyridine trihydrate
[21] have been observed experimentally. In pyridine trihydrate all water molecules form
hydrogen bonds with each other, and one hydrogen bond connects the N atom of pyridine
with a water molecule. This composition does not fall in the family of clathrate hydrates
(usually one solute molecule for about 20 - 30 water molecules), so these structures
cannot be considered as models of hydrate-like liquid structure.

We have also tried to �nd crystalline structures by cooling mixtures of water and 3-
methylpyridine of di�erent compositions, but all the samples froze in a glassy state, no
crystalline peaks were observed by X-ray di�raction. One reason for that could be the
relatively small amount of sample (we used glass capillaries of 1 mm inner diameter).
Due to the high viscosity of the solution at low temperature, the probability of the onset
of the crystallization process is much lower, and in a small volume it could easily happen
that too much time would be required for the crystallization process to start. Similar
di�culties were experienced when we tried to crystallize pure 2,4-dimethylpyridine in
capillary near its freezing point: no crystallization could be achieved. Thermal analysis
showed however that in a sample volume of the DSC apparatus (about 3 mm3) the
crystallization process took place. 3MP � water mixtures of di�erent concentrations gave
similar crystallization/melting peaks, and also glass transition has been was observed in
all samples at about 165 K, showing that only a part of the solution crystallizes.

2.2. Phase diagram of the mixtures
Deviations from the ideal mixing can be identi�ed in many thermodynamic quantities,
like the mixing enthalpy, entropy, molar volume, compressibility or others, but the most
striking phenomena is probably the appearance of an immiscible region in the phase
diagram. An extensive thermodynamic study of aqueous solutions of methylpyridines
has been carried out in 1952 � 1957 by Andon, Cox and Herington [27, 28, 29, 30]. Closed
loop phase diagrams have been observed in heavy water solutions of 2-methylpyridine
and 3-methylpyridine, and in mixtures of lutidines both with water and heavy water.
The phase diagrams of heavy water solutions of 2-methylpyridine and 3-methylpyridine
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Figure 2.4.: Phase diagram of heavy water mixtures of 2MP and 3MP at normal pressure
[31]. The mixtures are macroscopically homogeneous outside the closed loop
and demix into two phases within the loop.

are shown in Figure 2.4, as determined in a more recent work [31]. All monomethyl-
substituted pyridines mix with light water at all proportions. Both water and heavy
water solutions of dimethyl-substituted pyridines have large immiscibility regions.

A simple factor explaining the appearance of an immiscibility region by changing
water to heavy water can be the di�erence in the strength of the hydrogen bonds. The
deuterium bonds are known to be stronger than the hydrogen bonds. If the phase
separation process is dominated by the repulsion of the hydrophobic molecule by the
hydrogen-bonded water network, the more strong water-water interaction in the heavy
water can enhance the demixing process.

2.3. Light scattering studies
Light scattering is sensitive to large inhomogeneities in the solutions, caused by �uc-
tuations in composition, or micro � phase separation. Aqueous solutions of pyridine
and methylpyridines were studied by the method of depolarized light scattering [32].
Intensive light scattering was observed in all solutions with maximum at concentrations
near 10 mol% for pyridine, and between 7 and 9 mol% for the picoline solutions. The
temperature of the maximum intensity was about 60◦C for pyridine, 70◦C for 4MP and
80◦C for 3MP. To explain the observations, the authors suggested that at those concen-
trations and temperatures the solutions are close to a hidden immiscibility region. Such
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2. Aqueous solutions of methyl-substituted pyridines

hidden immiscibility region can be made to appear by changing some thermodynamic
parameter. The easiest way is to add an increasing amount of heavy water, as it was
demonstrated by Cox et. al. [28], or to change the pressure, or to add a small amount
of a simple salt [33].

2.4. Vapor pressure studies
The mixing processes can be characterized by changes in energy and entropy. For de-
termination of the excess enthalpies and excess Gibbs energies calorimetric and vapor
pressure measurements are usually performed. Vapor pressures in methylpyridine so-
lutions were measured by several authors, at di�erent temperatures and in di�erent
composition intervals. From vapor pressure data the activity coe�cients and the excess
Gibbs free energies can be calculated.

Yushkova et. al. measured vapor pressures in very dilute aqueous solutions of methyl-
substituted pyridines [34, 35]. They calculated various excess functions and the activity
coe�cients of the components. In all studied systems (water + 3MP, 4MP, 2,6DMP)
a strong increase of the activity coe�cient around xMP = 0.003 was observed. The
explanation of the volatility maxima at low solute concentrations were explained by
probable forming of solute associates (at very low concentrations). The di�erences in
the behavior of the di�erent methylpyridines were attributed to size e�ects: the 4MP has
the smallest "diameter" that allows it to enter into the hydrogen-bonded water network
without breaking many water-water hydrogen bonds.

Unfortunately the concentrations studied in this work were rather small, they covered
range between 0.0002 and 0.02 mole fraction of methylpyridines. Because of this choice
the measured and calculated quantities had relatively large uncertainties, and the results
were not always reproducible. It is not possible to compare their results with other
literature data, and unfortunately we could not use them in combination with our small-
angle neutron scattering results. The lowest concentration for which we could measure
small-angle scattering was about 0.005 mole fraction of methylpyridine in heavy water.

In 1978 Abe, Nakanishi and Touhara measured the densities and vapor pressures of
aqueous solutions of pyridine, the three methylpyridines and 2,6-dimethylpyridine at 25
and 35◦C over the whole concentration range [36]. They calculated various excess func-
tions (enthalpy, Gibbs free energy, entropy), and the absolute values of all the excess
functions were found to increase in the order: pyridine < methylpyridine < dimethyl-
pyridine. The concentration dependence of the excess functions shows a rather symmet-
ric shape centered near the mole fraction 0.5. The most important feature (as pointed
out by the authors) was the larger absolute value of the excess entropy compared to
the excess enthalpy. This indicates that the interactions in the mixtures are essentially
entropy-controlled processes.

We found the data of Abe et. al. [36] to be the most accurate and used them in our
calculations of the partial molar volumes and the derivatives of the excess free energy.
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Figure 2.5.: Optimum con�guration of one 3MP and one water molecule as found in
quantum chemical calculations [4]. The second 3MP is placed in a similar
position connected to the second hydrogen of the water molecule.

2.5. Ultrasound speed measurements
The speed of ultrasound has been measured in many solutions of methylpyridine with
water and heavy water by Marczak et. al. [37, 38, 39, 40, 41, 42]. In all mixtures similar
behavior was observed: the adiabatic compressibility changes with temperature in such
a way, that the compressibility isotherms cross each other within a narrow concentration
interval in the vicinity of methylpyridine mole fraction close to 0.04. The presence of
these so-called isosbestic points were explained by the maximum of the rigidity of the
liquid at that concentration. The authors suggested [42], that this rigidity (insensitivity
to temperature change) may be caused by strong hydrogen-bonded network of water,
and the solute molecules are placed in cages surrounded by water molecules, similarly
as in crystal hydrates.

2.6. Quantum chemical studies
Recently Pápai and Jancsó performed quantum chemical calculations on pyridine � wa-
ter and methyl-substituted pyridine � water complexes [4]. Their aim was to compare
the H-bonding energies and the optimal con�gurations for several methylpyridine iso-
mers. They found that: 1. the methyl substitution stabilizes the hydrogen bond (the
energy minimum is deeper). 2. The association energies corresponding to the N · · ·
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2. Aqueous solutions of methyl-substituted pyridines

H � O hydrogen bonding progressively increase in the pyridine � methylpyridine � di-
methylpyridine series. 3. The ordering of the association energies within the families of
monomethyl-substituted pyridines or the dimethylpyridines however does not correlate
with the trend in the miscibility properties, obtained by comparing the phase diagrams.
This can suggest that the di�erences in the miscibility behavior of the methyl-substituted
pyridines cannot be simply related to the strength of the hydrogen bond that they form
with the water molecule. So the properties of the liquid mixtures should be a�ected also
by the interaction of the hydrophobic part of the solute molecule with the surrounding
water, that is called in general hydrophobic hydration.

The deep energy minima of the O � H · · · N hydrogen bonds formed between a water
molecule and a methylpyridine molecule suggest that in aqueous solutions many of the
MP molecules can be attached to a water molecule. The second hydrogen of such bound
water molecule can also bond to another MP molecule, thus forming a "solvent-separated
dimer" of methylpyridines. Such a hypothetical structure is depicted in Figure 2.5.
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3. Structure of liquid mixtures
In this chapter, we report on the various methods that contribute to obtaining informa-
tion about the structure of liquids.

Probably the most complete way of de�ning the structure of liquids is to give all in-
formation about the positions of all particles in the sample, or at least in such a big
subregion that can be regarded to be characteristic of the whole system. Such an aim is
not achievable obviously, so one must simplify the question: what are those character-
istic features of the structure, which can be hopefully extracted using experimental or
theoretical methods.

The level of such questions evolved during the years due to the development of the
science. For example, in the XIX century, the most concrete and useful information
was that the chemical species consist of an assembly of atoms. One could answer the
question, which atoms can form pairs, how many of them can be bonded about a certain
kind of atom. Later, the development of thermodynamics allowed to answer questions
about the average behavior of the large systems of particles, the crystallography opened
the possibility to tell precisely where the atoms are in the crystalline lattice.

The liquid state is probably the most complicated from the point of the microscopic
structure. It is characterised by a short range order. Presently in practice it is impossible
to determine precisely all the positions of a large number of molecules.

The most frequently used description of a liquid or amorphous structure is that using
the partial radial distribution functions gij(r) , which give the probability of �nding an
atom of type i at a given distance from another atom of type j. They can be used to
give the number of the neighbors in the �rst or second coordination shell of a given type
of atom. The expression

dN = 4πr2ρjgij(r)dr (3.1)

gives the average number of molecules of type j, located at a distance between r and
r + dr from a molecule of type i. ρj is the bulk number density of molecules of type
j in the sample. Knowing all pdfs for all pairs of types of atoms gives a very useful
description of the liquid structure. The advantage of this method is that the pdfs can
often be measured with high precision by scattering methods, and also can be extracted
directly from numerical simulations.

Another di�culty is that when constructing the pdf from an atomic con�guration, we
sum up all possible positions of the given atoms and molecules, so the resulting pair
distribution functions represent only some average structure. By this way some features
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3. Structure of liquid mixtures

of the structure might be hidden by the smearing, and cannot be recovered from these
smeared pdfs by the conventional methods. Sometimes the 'average' structure, which is
usually obtained by considering the number of neighboring atoms in the coordination
shells might happen to be not relevant at all.

Such situation can occur for instance in non-homogeneous systems. The simplest
example is a two-phase liquid where the two phases having di�erent internal structures
are somehow distributed in the system. (In case of mixtures they can have also di�erent
composition). It is not yet known how to describe such systems better than by using
average pair distribution functions.

3.1. Molecular liquid mixtures
� pair distribution functions of molecules
The classical way to characterise the structure of a molecular liquid mixture is to describe
it in terms of partial pair distribution functions (pdf) of all atoms. The knowledge of all
partial pdfs gives a rather good structural description of a mixture, at the exception of
the orientational correlations and of the possible non-uniform distribution. However in
practice it is hardly possible to measure all pdfs, especially if the mixture components
are molecules containing more than two or three atoms.

The problem can be simpli�ed by considering the pair distribution functions of the
molecules, which can be de�ned so that the reference point is placed at some �xed point
within the molecule, e. g. its centre of gravity. Then in a two-component mixture we
have only three 'molecular' pdfs. In some favourable cases the molecules can contain
one speci�c atom, on which isotopic substitution can be made and from three di�erent
neutron di�raction measurements the pdfs of these atoms (and therefore of the molecules)
can be determined. Similar result can be obtained by combining neutron and X-ray
measurements, or using anomalous X-ray scattering.

An advantage of considering the molecular distribution functions in liquids or liquid
mixtures is that they are related to thermodynamic quantities. In principle there is
a straightforward connection between the pdfs and the internal energy of the liquid or
liquid mixture, however it is of little practical use as calculations of the energy would
require the knowledge of the pdfs over the in�nite r-range [9].

It can be shown using statistical thermodynamic considerations, that integrals of the
pdfs over the entire r-range can be also related to some macroscopic properties of the
liquids. This approach was elaborated by Bhatia and Thornton [43] and Kirkwood
and Bu� [44], and has been proved to be very useful in the analysis of experimental
data obtained from small-angle neutron or X-ray scattering (works of Nishikawa et.al.,
[45, 46, 47]). We shall present this method in the section 3.3.

24



3.2. Molecular liquid mixtures � counting the associated molecules

3.2. Molecular liquid mixtures
� counting the associated molecules
One may use another, more simple way to describe a non-crystalline atomic or molecular
mixture. If the atoms or molecules interact in a way to forming pairs or aggregates of
molecules, a rather useful measure can be introduced, by counting the relative proportion
of pairs and all kinds of aggregates. This method can be further developed by using virial
coe�cients, which measure the deviation of the system from the ideal, non-interacting
behavior.

Phase separation in a binary mixture is closely related to the preferential association
of similar species. Therefore a mixture in the macroscopically homogeneous region, but
close to the phase separation boundary must contain associated particles of the same
species. So, from structural point of view, one can look for the existence of such associ-
ated molecules. An often used experimental method to detect such associated molecules
is to measure their vibrational spectra by infrared or Raman spectroscopy. Another
possibility can be to see the molecular aggregates directly by small-angle scattering.

This latter approach was realised in a series of SANS studies by D'Arrigo et. al. on
aqueous alcohol solutions [48, 49], and by Cser et. al. on aqueous solutions of tetra-
methylurea [50, 51]. From the experimentally measured static structure factor Cser et.
al. determined the proportions of monomers and dimers present in the solution. From
this the second virial coe�cient of the solute molecule interaction could be calculated.

In principle this type of analysis can be extended to take into account association of
higher order. However, experimentally, it is not possible to obtain interaction parameters
higher than triplets. Another limitation of this approach is that it can deal only with
dilute solutions because of the de�nition of the second virial coe�cient, and also because
of the experimental di�culties connected to the interparticle interference in solutions of
higher concentrations.

3.3. The Kirkwood-Bu� integrals
The structure of a two-component system can be expressed in a good approximation by
the three pair distribution functions (pdfs). If they are known over a su�ciently wide
range of distances, we can construct an integral quantity for each of the pdfs:

Gij =
∫ ∞

0
(gij(r)− 1)4πr2dr (3.2)

where gij(r) are the pair distribution functions between the species i and j, and r is the
distance between them. The Gij quantities are called Kirkwood-Bu� integrals (KBIs),
they give a measure of the excess of molecules j around a central molecule i. The
Kirkwood-Bu� integrals are usually interpreted by considering the meaning of ρiGij ,
where ρi is the number density of the species i. The quantity ρigij(r)4πr2dr measures
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3. Structure of liquid mixtures

the average number of i molecules in a spherical shell of width dr at distance r from
the centre of the j molecule. ρi4πr2dr would be the average of this quantity, if the
distribution of the molecules in the liquid would be fully random (like in ideal gas).
Thus the quantity ρiGij is the measure of the deviation from the random distribution �
the excess or the de�ciency of the total number of molecules i in the entire surrounding
of molecule j.

The usefulness of studying the KBIs is in their relation to simple thermodynamic
quantities, which can be measured in the liquid or liquid mixture.

If we want to see the non-randomness in the distribution of the two species, caused by
the intermolecular interactions, we need to compare the KBI values with those calculated
for some reference systems. For that the so-called excess numbers of molecules around
a central one are introduced:

∆nij = ρi(Gij −Gref
ij ) (3.3)

where ∆nij is the excess (or de�cit) number of molecules of type i around a central
molecule j. The KBIs have nonzero values for ideal mixtures and the quantities Gref

are the corresponding KBIs of a properly chosen reference state [52]. They will be given
in section 3.3.3.

For a one-component system the KBIs are also de�ned in a similar way, the single
KBI in the liquid measures the non-random packing of the molecules and is related to
the isothermal compressibility.

Thus the KBIs can measure the clustering of molecules in the mixture, they can pro-
vide information on the solute-solute, solute-solvent, and solvent-solvent interactions.
In the solution theory of Kirkwood and Bu� these integrals are calculated from ther-
modynamic data only. There are no approximations in the theory, and it is valid for
the whole concentration range. These features make the method of Kirkwood and Bu�
often more useful than other approaches, e. g. those dealing with virial coe�cients.

3.3.1. Direct determination of KB integrals
The Kirkwood-Bu� integrals can be calculated according to their de�nition, using the
pair distribution functions of the centers of molecules, obtained, for example, from com-
puter simulations. However several di�culties arise: the integration should be made up
to in�nity, therefore su�ciently large simulation boxes must be used. Even if the box size
is su�ciently large, it is rather time consuming to obtain reasonable statistical accuracy,
and to allow the development of the �uctuations, which occur in a real mixture.

In a recent work [53], the behavior of water � tri�uorethanol mixture was studied by
molecular dynamics simulation, and the Kirkwood-Bu� integrals were also computed.
The obtained KBIs did not show any agreement with those calculated from thermody-
namic data, though the latter can be considered to be su�ciently precise. One reason
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3.3. The Kirkwood-Bu� integrals

of the disagreement can be the limiting size of the simulation box. The (gij(r) − 1)
in Eq. 3.2 goes to zero at large distances, but the multiplication by r2 enhances even
the smallest oscillations and can a�ect strongly the integrals. Certainly there must exist
some limiting large distance beyond which the impact of the oscillations to the calculated
KBIs disappears. This size can be checked by analyzing the dependence of the KBIs on
the upper integration limit in Eq. 3.2. Such analysis showed for pure water [54] that
oscillations of r2(g(r) − 1) decay for r higher than 15Å. The integration unfortunately
could not be extended to longer distances because of the limited range of the available
g(r) data.

Another reason for the discrepancy between the calculated and the measured KBIs
can be the uncertainties in the intermolecular interaction potentials.

A somewhat di�erent method was used by Misawa and Yoshida [55]: the initial con-
�guration in the simulation box has been constructed arti�cially, using the experimen-
tally determined KB integrals. The two species (water and propanol) were modeled by
spheres of appropriate diameters. After constructing the initial distribution the spheres
were replaced by the molecules and the solution was allowed to equilibrate by a MD
simulation. The resulting total structure factor could be compared to the experimental
wide-angle neutron structure factor. This type of molecular dynamics or Monte Carlo
simulations might be promising for systems having large composition �uctuations. The
starting con�guration already containing inhomogeneities is in any case more realistic
than a fully random distribution usually used. It can be further investigated, whether
the inhomogeneous solute-solvent distribution is conserved over long simulation times,
and what kind of molecule-molecule arrangements develop in the solute-rich and the
solvent-rich regions.

Another possibility is to work with model systems, for example spheres of di�erent
diameters or having di�erent interaction potentials, and looking for the phase behavior
and the concentration �uctuations. A few such simulation studies have been carried out
so far, some of them in two-dimensions [56], however they are far yet from being able to
describe real systems.

3.3.2. Calculation of Kirkwood-Bu� integrals using zero-angle
scattering

The �uctuations in the concentration and the particle number can be expressed by
certain thermodynamic data and of the value of coherent scattering at zero angle of
neutrons or X-rays. The method is based on the Bhatia-Thornton formalism [43], and
was extensively used by Nishikawa [45] for studies of several aqueous alcohol solutions
by small-angle X-ray scattering. We adopted the relations proposed by Nishikawa for
the case of neutron scattering [57].

The coherent scattering intensity at zero angle of a two-component mixture can be
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3. Structure of liquid mixtures

expressed as a weighted sum of the �uctuation terms [43]:

Icoh(0)/ρ = b̄2SNN(0) + (b1 − b2)
2SCC(0) + 2b̄(b1 − b2)SNC(0) (3.4)

where ρ is the number density of the molecules, b1 and b2 are the sums of the coherent
scattering lengths of the nuclei forming the two types of molecules. Throughout this
work, component 1 will always represent the solute, and component 2 the water. For
example, in pyridine - heavy water mixture:

b1 = 5bC + 5bH + bN = 2.39 ∗ 10−12cm

b2 = 2bD + bO = 1.914 ∗ 10−12cm

b̄ is de�ned as: b̄ = x1b1 +(1−x1)b2. Icoh(0) in Equation 3.4 is given in units of cm−1,
used in small-angle neutron scattering.

The �uctuation terms are de�ned as follows:
SNN(0) =< (∆N)2 > /N - �uctuation in the number of molecules,
SCC(0) = N < (∆x1)

2 > - �uctuation in the concentration of molecules of type 1,
SNC(0) =< ∆N∆x1 > - correlation between the two �uctuations.
The �uctuations are de�ned in a hypothetical volume, which is small compared to the

whole system but much larger than the sizes of the inhomogeneities, i. e. the range at
which the molecules are correlated in their position.

SNN(0) and SNC(0) are related to SCC(0) :

SNN(0) = ρkBTκT + δ2SCC(0) (3.5)

SNC(0) = −δSCC(0) (3.6)

where κT is the isothermal compressibility, δ is the dilatation factor de�ned as δ =
(V̄1 − V̄2)/Vmol. V̄1 and V̄2 are the partial molar volumes of the components, Vmol is
the molar volume of the mixture. Combining equations 3.4, 3.5 and 3.6, SCC(0) can be
calculated using the following equation:

Icoh(0) = ρ2kBTκT b̄2 + ρ[b̄δ − (b1 − b2)]
2SCC(0) (3.7)

From SCC(0) the SNN(0) and SNC(0) are calculated. Thus, using the Icoh(0) value
from a single di�raction experiment (without isotopic substitution), it is possible to
obtain structural information on the solution.
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KBIs from the �uctuation terms
The Kirkwood-Bu� integrals can be expressed as linear combinations of the �uctuation
terms [59]:

G11 =
1

ρ

(
SNN(0) +

2

x1

SNC(0) +
1

x2
1

SCC(0)− x2

x1

− 1

)
(3.8)

G22 =
1

ρ

(
SNN(0)− 2

x2

SNC(0) +
1

x2
2

SCC(0)− x1

x2

− 1

)
(3.9)

G12 =
1

ρ

(
SNN(0) +

x2 − x1

x1x2

SNC(0)− 1

x2
1

SCC(0)

)
(3.10)

Thus the Kirkwood-Bu� integrals can be calculated from the measured forward scat-
tering intensity, Eq. 3.7. It is to be noted that the three integrals do not bear inde-
pendent information: knowing one integral the other two can be calculated by using the
partial molar volumes and the compressibility. Neverthless for analyzing the solvent and
the solute distribution (and clustering) it is convenient to use all the three KBIs.

3.3.3. Calculation of Kirkwood-Bu� integrals
from thermodynamic data
In the theory of Kirkwod and Bu� the KBIs can be calculated from the following thermo-
dynamic data [58]: the isothermal compressibility κT , the molar volume of the mixture
Vmol, the partial molar volumes V̄i and V̄j, and a quantity D, related to the Gibbs free
energy of mixing.

Gij = Gji = RTκT − V̄iV̄j

DVmol

(3.11)

Gii = Gij +
1

xi

(
V̄j

D
− Vmol

)
, i 6= j (3.12)

xi, xj are the mole fractions of the components. The partial molar volumes V̄i are
de�ned by

V̄i =

(
∂Vmol

∂ni

)

T,P,nj

(3.13)

where ni and nj are the number of moles of the components in the solution.
The function D is expressed by the second derivative of the excess Gibbs free energy:

D = 1 + xixj

(
∂2GE/RT

∂x2
i

)

T,P

(3.14)
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Reference system

There are several possibilities to choose a proper reference state with which the KBIs
can be compared. Matteoli and Lepori [58] used the ideal solution as the reference state.
In ideal solution the excess Gibbs free energy of mixing is zero, the molar quantities
change linearly with the composition, the partial molar volumes are equal to the molar
volumes of the pure components. The Kirkwood-Bu� integrals then have the following
form:

Gid
ij = RTκid

T −
V 0

i V 0
j

V id
mol

(3.15)

where κid
T and V id

mol are the isothermal compressibility and the molar volume of an ideal
solution, respectively. V 0

i and V 0
j are the molar volumes of the pure components.

Shulgin and Ruckenstein proposed a slightly di�erent form [59] of the KB integrals of
the reference state. The excess Gibbs free energy in their reference mixture is still zero,
but the compressibility and the volumes in the Eq. 3.15 are replaced by the experimen-
tal compressibility, partial molar volumes and the molar volume of the mixture. For
systems that deviate only weakly from the ideal mixing, it is necessary to consider these
corrections. For mixtures with very strong non-ideal mixing behavior, the choice of the
reference state is not substantial, as other sources of errors have much higher impact on
the calculated KBIs.

Approximations

Analysis of the errors in KBIs caused by using approximate or inconsistent thermody-
namic data was discussed in several papers [54, 58]. They showed that the largest error
can arise from the excess free energy term. Slightly incorrect experimental data on vapor
pressures can lead to non-predictable errors in the second derivative of the excess free
energy.

Sometimes all data required to calculate the KBIs in a particular system are not
available. For example, the values of isothermal compressibility of the mixtures, κT , as
a function of the composition are often not known. However, since their contribution to
Gij is quite small, linearly interpolated values between the compressibilities of the pure
components as a function of volume fraction can be safely used, or even the values of
the adiabatic compressibility κS, available from ultrasound speed measurements can be
employed [62]. The partial molar volumes are usually easy to determine from measured
densities. But even if there are no data for the partial molar volumes, they can be
replaced by the molar volumes of the pure components. The error introduced by this
simpli�cation is not so high, the partial molar volumes are similar to the molar volumes
usually within 10%.
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3.3.4. KBIs from light scattering
The intensity of the Rayleigh scattering gives another possibility to calculate the �uctu-
ation terms and the Kirkwood-Bu� integrals. This approach has been used for studies
of aqueous and non-aqueous mixtures and proved to be quite precise, the experimental
uncertainties in the published studies were less than 10% [63, 64]. One of the required
quantities in this method is the refractive index as a function of the concentration. This
implies an important criterion for the applicability of the method: the refractive indices
of the two components must di�er substantially, because the concentration derivative of
the refractivity of the solution is used to calculate the concentration �uctuations. This
can be easily obtained in those cases where the refractivities of the two components are
not close to each other, and the refractivity of the solution varies smoothly with the
composition. There exist some interesting mixtures with pronounced non-ideal mixing,
in which this latter criterion is not met. For example, in water � acetonitrile mixtures
strong concentration �uctuations have been observed by small-angle X-ray scattering
[65]. The refraction index in this mixture varies with the composition in a very strange,
non-monotonic way [66], so the determination of the derivative of the refractivity requires
very precise measurements, and can lead to high errors when calculating the �uctuations
and the Kirkwood-Bu� integrals.

The aqueous solutions of methylpyridines can probably be easily studied by this tech-
nique. The di�erence of the refractive indexes of water and of methylpyridines is su�-
ciently high, (nH2O = 1.333; nMP ≈ 1.50 ) and the refractivity of the solution changes
monotonically with the concentration. In our studies we did not try to perform such
measurements. However, the application of this technique for methylpyridine solutions
can give results as good as those obtained by neutron scattering. Moreover, it should be
possible to reveal the structural and solvation di�erences in water and in heavy water
solutions, as they can be measured with equal precision.
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4. Neutron scattering, basic
relations

In a neutron scattering experiment a collimated neutron beam hits the sample, scatters
on it and di�uses in di�erent directions. Neutron detectors are placed around the sam-
ple at given positions thus the scattering angle is determined. In inelastic scattering
measurement the energy of the scattered neutron is also registered, this can be achieved
by measuring its velocity or wavelength. Measuring the angle and the energy of the
scattered neutron, information can be obtained regarding the structural arrangement
and the dynamics of the nuclei constituting the sample.

4.1. Elastic and inelastic scattering
The neutrons scattered on nuclei, being spherical waves, interfere with each other. There-
fore the intensity away from the sample varies with the angle between the direction of
scattered neutron and the initial beam. The useful quantity related to the scattering
angle is the momentum exchange:

h̄q =
4πh̄

λ
sin(θ/2) (4.1)

where θ is the scattering angle, λ is the wavelength of the neutron, and q is the amplitude
of the scattering vector.

Elastic scattering
If there is no energy exchange between the neutron and the nucleus, the intensity I(q)
scattered from an assembly of nuclei is proportional to the coherent di�erential cross
section dσ

dΩ
(q), de�ned as:

I(q) ∼ dσ

dΩ
(q) = 〈

N∑
m,n

bmbn exp(iq(rn − rm))〉 (4.2)

bm are the scattering amplitudes of the nuclei, b̄ is their arithmetical mean over all N
nuclei in the sample. One can de�ne the structure factor S(q):

S(q) =
1

Nb̄2

dσ

dΩ
(q) (4.3)
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4.1. Elastic and inelastic scattering

The double sum in Eq. 4.2 can be replaced by an integral, and averaged over all
directions. Then the structure factor can be expressed as a Fourier transform of the pair
distribution function g(r):

S(q)− 1 =
4πρ

q

∫ ∞

0
r(g(r)− 1) sin(qr)dr (4.4)

If there are more than one type of atoms, partial pair distribution functions gα,β(r)
are used and a similar equation can be written for the partial structure factors Sαβ(q).

Inelastic scattering
In the scattering process the scattered neutron can exchange energy with the system:

E = h̄ω = Ei − Ef =
h̄2

2m
(k2

i − k2
f ) (4.5)

i and f denotes the initial and the �nal impulse and energy of the neutron.
The formalism which relates the energy and momentum transfer of a scattered neutron

to the structure and dynamics in the sample was developed by Van Hove [68]. The
quantity describing the structure and the dynamics in an atomic assembly is the time-
dependent correlation function:

G(r, t) =
1

N

∫
〈ρ(r′, 0)ρ(r′ + r, t)〉dr′ (4.6)

It corresponds to the probability of �nding a particle with coordinates (r, t), if a
particle (the same or another one) was at (0, 0). The function which is measured in
the neutron scattering experiment is the space and time Fourier transform of the time-
dependent correlation function:

S(q, ω) =
1

2π
〈
∫ ∫

G(r, t) exp(i(qr− ωt))drdt〉 (4.7)

S(q, ω) is called the dynamic structure factor, it is proportional to the scattering
intensity.

When the energy of the detected neutron is not analysed, i. e. the detector counts all
neutrons with the given momentum transfer, then the static structure factor is measured:

S(q) =
∫ +∞

−∞
S(q, ω)dω =

1

N
〈

N∑
m,n

exp i(rn − rm)〉 (4.8)
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4. Neutron scattering, basic relations

4.2. Small-angle neutron scattering
The q-range covered in small-angle scattering type of measurements is usually between
0.001 and 1Å−1. This is achieved by using neutrons with wavelengths between 4 and
20 angstroem. Measurements at lower angles are limited by experimental di�culties, at
higher angles other features of the structure become visible, which are out of the �eld
of small-angle scattering. Such momentum exchange permits to study the structure at
length scales from one nanometer up to few hundreds of nanometers.

The q-dependence of the scattering intensity, like in other di�raction techniques, is
related to the structural arrangement of the scattering centers (nuclei) by a space-Fourier
transformation. The q-range covered in small-angle scattering corresponds to such length
scales where the individual atoms cannot be distinguished, therefore the quantity which
is measured is the distribution of the scattering length density ρsc.l. in the sample. It is
de�ned as the ratio of the sum of the scattering lengths bi of all nuclei to the volume V
they are contained in:

ρsc.l. =
1

V

∑

i

bi

In the following we describe some quantities and formulas which will be used for the
interpretation of our experimental results.

Scattering at zero angle
In liquids, gases or other disordered systems the coherent scattering at small momentum
transfer originates from the presence of regions with di�erent scattering length densities.
In many cases the atoms or molecules in the sample are distributed obeying the laws of
statistical mechanics, therefore the structure of the system can be described relatively
simply in terms of random �uctuations in molecular density and concentration. For the
simple system, monoatomic or monomolecular �uid or gas, the intensity scattered at
zero angle can be written as follows:

I(0) = ρ b2 〈(∆N)2〉
N

(4.9)

The I(0) in this equation is given in units of cm−1, ρ is the number density of atoms
or molecules, and b is the coherent scattering length of the atom or the sum of the
scattering lengths of the atoms constituting the molecule. The last term in Eq. 4.9
is the �uctuation of the mean number of particles in an arbitrarily chosen volume,
which is much smaller than the whole system but su�ciently large to ful�ll the usual
approximations of statistical mechanics. The �uctuations are related to the isothermal
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4.3. Quasielastic neutron scattering

compressibility κT (Section 3.3.2), thus the zero-angle limit of the scattering intensity
takes the form:

I(0) = ρ2b2kBTκT (4.10)

Correlation length
Another quantity is used to characterize the spatial extension of the inhomogeneities
in the sample. It is called usually correlation length. In a compressible liquid close
to the critical point, or in a two-component molecular mixture the scattering length
distribution can be well described by the Debye equation:

〈(ρsc.l.(r)− ρaverage)
2〉1/2 ∼ 1

r
exp(−r/ξ) (4.11)

ξ is the correlation length, which can be regarded roughly as a distance up to which
the correlation between the �uctuations of the local density extends. The corresponding
scattering intensity takes the form of a Lorentzian function, resulting from the Fourier
transform the scattering length density distribution:

I(q) =
I(0)

1 + q2ξ2
(4.12)

This equation is called often Ornstein-Zernike formula [69] and can be used for a
graphical determination of the correlation length and of the scattering intensity at zero
angle. At large values of the scattering vector the intensity decays proportionally to q2.

4.3. Quasielastic neutron scattering
The structure factor S(q, ω) can be separated to two parts, the coherent and the in-
coherent structure factors. In the case of hydrogenated samples the coherent contribu-
tion can be neglected due to the dominance of the incoherent scattering from hydrogen
over the scattering from other atoms.

In the incoherent quasielastic neutron scattering experiment the incoherent part of
the structure factor is measured. This corresponds to the motions of the individual
atoms. Due to the high incoherent cross-section of the proton, in a hydrogen-containing
sample almost exclusively the proton motions are seen. The small energy transfer in a
QENS measurement corresponds to energies of the translational, rotational, and vibra-
tional motions of the atoms. As these three motions have very di�erent time scales, the
scattering function can be approximated as a convolution of the three terms associated
to these motions. This is called decoupling approximation and is the standard way to
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4. Neutron scattering, basic relations

analyze quasielastic neutron scattering spectra. The dynamic structure factor S(q, ω)
can be expressed as follows:

S(q, ω) = Svibr(q, ω)⊗ Srot(q, ω)⊗ Strans(q, ω) (4.13)

where h̄ω is the energy transferred to the sample by a scattered neutron. Svibr(q, ω),
Srot(q, ω) and Strans(q, ω) are the contributions to the incoherent scattering intensity
coming from the vibrational, rotational and translational motions of the atoms. The
time scale of the motions observed by a time-of-�ight spectrometer is usually between
1 and 100ps. This is much longer than the period of thermal vibrations of a hydrogen
atom. In this long-time limit, the vibrational part of the dynamic structure factor is
reduced to the Debye-Waller factor, and the structure factor takes the form:

S(q, ω) = e−q2〈u2〉/3
(
Strans(q, ω)⊗ Srot(q, ω)

)
(4.14)

where 〈u2〉 is the mean square displacement of the nuclei due to thermal vibrations.
Measurements at high energy resolution can furnish information about the slow mo-

tions in the system, these are usually the di�usive translational motions of the molecules.
If the di�usion obeys the Fickian di�usion law, then the translational part of the dynamic
structure factor takes the form of a Lorentzian line:

Strans(q, ω) ∼ Γ(q)

h̄2ω2 + Γ(q)2
(4.15)

where Γ(q) is the half width at half maximum (HWHM) of the quasi-elastic line.

Di�usion models
Several models are elaborated that give a relation between the way of motion of the
particles and the quasielastic line broadening.

Continuous di�usion
The continuous di�usion corresponding to Einstein's theory of Brownian motion predicts
for Γ(q) the following form:

Γ(q) = h̄q2Dtrans (4.16)

where Dtrans is the translational self-di�usion coe�cient. It can be expressed by the
mean square displacement of the particle (Einstein relation):

Dtrans = lim
t−>∞

1

6t
< [Ri(t)−Ri(0)]2 > dt (4.17)
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4.3. Quasielastic neutron scattering

or in terms of the velocity auto-correlation function [71]:

Dtrans =
1

3

∫ ∞

0
< vi(τ)vi(t + τ) > dt (4.18)

Here the scalar product has to be formed of the velocity vi of a particle numbered i at
time τ with the velocity of the same particle at time t + τ . The brackets denote the
ensemble average over all species and all choices of the time origin.

The continuous di�usion model is quite a good approximation for motions over large
distances, much larger than the atomic scale. It corresponds to small q, so in the usual
representation of QENS data, the line broadening versus the squared momentum trans-
fer, the curve starts with a linear part. At higher q the behavior at smaller distances
becomes visible. When the distances are as small as the atomic spacing, the di�u-
sion cannot longer be regarded as continuous, but new features appear that re�ect the
atomistic behavior of the motion.

Jump di�usion
The random jump-di�usion model involves the existence of two processes: a jump be-
tween two neighboring positions (sites), and oscillatory motions in a given site between
two jumps, which is characterized by the residence time τ0 [70]. This model leads to
scattering laws in which the quasi-elastic broadening deviates noticeably from the q2Ds

behavior. The Γ(q) in the jump di�usion model is given by

Γ(q) =
h̄q2Ds

1 + q2Dsτ0

(4.19)

This model may be an oversimpli�cation for representing the short- and intermediate-
time di�usion in a real system (water), but due to its simplicity, small number of param-
eters and remarkable agreement with the experimental quasielastic line broadening, it
is widely used for characterizing the motion of water molecules [72]. Given the di�usion
coe�cient and the residence time, a characteristic jump distance Lav can be introduced:

Lav =
√

6Dsτ0 (4.20)

For liquid water this jump distance was found to be 1 - 2 Å, increasing with the
decrease of the temperature [72].

At low q values, which correspond to long distances, the details of the elementary
jump processes are no longer observed and the jump-di�usion law is reduced to the
continuous model.
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Results and analysis
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5. SANS studies

5.1. SANS experiments
We performed a series of small-angle neutron scattering experiments on aqueous and
non-aqueous solutions of di�erent organic solutes at temperatures and concentrations
where the mixtures are macroscopically homogeneous. The chosen systems are those
for which strong non-ideal mixing behavior is expected. In this work, we present the
results obtained for heavy water solutions of pyridine, three methylpyridines and two
dimethylpyridines.

Three di�erent SANS instruments have been used for the measurements: the Yellow
Submarine di�ractometer in Budapest, the PAXE and the PACE instruments in Saclay.
The �rst two instruments are very similar to each other ( 64*64 pixels two-dimensional
position sensitive multidetector; sample-detector distance variable between 1 and 5.5 m).
On the PACE instrument the detector consists of 30 concentric rings, which is suitable
for measurements of isotropic scattering patterns only. The technical data about the
instruments can be found on the homepages of the laboratories [74, 75].

The measurements have been usually performed as follows:
A series of samples of di�erent concentrations was prepared by weighing the appropri-

ate amounts of methylpyridines (purchased from Sigma-Aldrich) and heavy water (99.8
- 99.9 % purity, from di�erent companies). The quartz cuvettes of 2 mm path length
were �lled with solutions, and placed into an automatic sample changer that was ther-
mostated with a precision of about 0.1 - 0.5 degrees. All samples were measured at
standard temperature 25◦C. Some of them have been also measured at higher temper-
atures, staying always in the one-phase region of the phase diagram. In Table 5.1, the
experimental conditions for the measurements are summarized.

In all the measurements of aqueous solutions of methyl-substituted pyridines the scat-
tering patterns have a similar behavior: enhanced small-angle scattering has been regis-
tered for all the solutions over a wide concentration range. The maximum intensity was
found at about 8-10 mol% for all methylpyridine solutions. The measured curves are
well described by the Ornstein-Zernike model (Eq. 4.12) with an additional background
term (Eq. 6.1). The intensities were always higher at higher temperatures, which is
attributed to the higher degree of the composition �uctuations (see the following parts
with analysis and discussion of the results).

During the course of our studies, we performed experiments on di�erent SANS instru-
ments. It is a widespread practice to calibrate the measured SANS intensities to the
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5.1. SANS experiments

Table 5.1.: Concentration and temperature range of SANS measurements on heavy water
solutions of pyridine and methyl-substituted pyridines. The lower demixing
temperatures are indicated for water and heavy water solutions of 2MP, 3MP
and 2,6DMP.

Solute Concentrations Temperatures LCST in H2O LCST in D2O
Pyridine 0.02 - 0.30 15◦C - 55◦C no demixing no demixing
2MP 0.005 - 0.25 25◦C - 51◦C no demixing 86.5◦C
3MP 0.005 - 0.80 25◦C - 51◦C no demixing 38.5◦C
4MP 0.005 - 0.25 25◦C - 51◦C no demixing no demixing
2,6MP 0.01 - 0.18 25◦C 31◦C 28.7◦C

scattering of a 1 mm thick light water sample, because of the high incoherent scattering
of the protons. However, it is necessary to correct for the pronounced inelastic scatter-
ing of water, and these empirical correction factors are usually di�erent for the di�erent
instruments [77, 78]. This limits the precision of the determination of the measured ab-
solute intensity, and also can lead to some uncertainty when comparing measurements
performed on di�erent instruments. Therefore for studying one system or a series of
similar systems it is recommended to use the same SANS instrument.

In the following part we present the SANS curves measured for the di�erent pyridine
and methylpyridine solutions and the main quantities that can be used to characterize
the measured scattering curves: the forward scattering intensities and the characteristic
sizes of the inhomogeneities as determined using the Ornstein-Zernike model.

5.1.1. Pyridine solutions
Solutions of pyridine in heavy water have been measured on the PACE instrument at
15, 25, 40 and 55◦C over the mole fraction range 0.02 - 0.25. In Figure 5.1 the spectra
recorded at T = 25◦C are plotted, together with the �ts of the model used Eq. 6.1.
The obtained values of the forward scattering intensity, of the correlation length and
of the background are listed in Table 5.2. The forward scattering intensity and the
correlation length have maxima around 10 mol%, indicating the region with the largest
inhomogeneities.
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Figure 5.1.: SANS curves of pyridine � D2O solutions measured on the PACE di�rac-
tometer at 25◦C. Mole fractions of pyridine in the solutions are indicated.
The solid lines are �ts to Eq. 6.1

.

Table 5.2.: Results of �tting the SANS curves with the Ornstein-Zernike model (Eq. 6.1)
for pyridine � D2O solutions measured at 25◦C.

Pyridine
mole fraction A / cm−1 Bg / cm−1 ξ / Å
0.02 0.025 ± 0.005 0.086 ± 0.005 3.6 ± 0.8
0.04 0.115 ± 0.005 0.098 ± 0.005 3.73 ± 0.18
0.06 0.207 ± 0.003 0.120 ± 0.003 4.61 ±0.11
0.08 0.265 ± 0.002 0.149 ± 0.005 5.07 ± 0.08
0.10 0.302 ± 0.003 0.176 ± 0.004 5.03 ± 0.09
0.12 0.293 ± 0.004 0.201 ± 0.005 4.84 ± 0.11
0.14 0.275 ± 0.007 0.210 ± 0.007 4.22 ± 0.14
0.16 0.237 ± 0.006 0.241 ± 0.007 4.22 ± 0.16
0.20 0.134 ± 0.008 0.304 ± 0.008 4.08 ± 0.29
0.25 0.061 ± 0.008 0.353 ± 0.009 3.59 ± 0.58
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Figure 5.2.: SANS curves of some of the 2-methylpyridine � D2O solutions measured on
the PAXE di�ractometer at 25◦C.

Table 5.3.: Results of �tting the SANS curves with the Ornstein-Zernike model (Eq.6.1)
for 2-methylpyridine � D2O solutions measured at 25◦C.

2MP mole fraction A / cm−1 Bg / cm−1 ξ / Å
0.015 0.072 ± 0.005 0.088 ± 0.006 2.8 ± 0.3
0.02 0.122 ± 0.003 0.091 ± 0.004 3.9 ± 0.2
0.025 0.210 ± 0.002 0.117 ± 0.002 5.4 ± 0.1
0.03 0.256 ± 0.002 0.108 ± 0.002 5.4 ± 0.1
0.035 0.345 ± 0.002 0.128 ± 0.001 6.3 ± 0.1
0.04 0.437 ± 0.004 0.125 ± 0.002 6.6 ± 0.1
0.05 0.635 ± 0.006 0.152 ± 0.002 7.8 ± 0.1
0.06 0.843 ± 0.008 0.159 ± 0.002 8.4 ± 0.1
0.08 1.020 ± 0.01 0.204 ± 0.002 8.9 ± 0.1
0.1 1.008 ± 0.008 0.220 ± 0.002 8.3 ± 0.1
0.15 0.571 ± 0.005 0.296 ± 0.004 5.7 ± 0.1
0.2 0.373 ± 0.005 0.314 ± 0.006 4.0 ± 0.1
0.25 0.262 ± 0.05 0.304 ± 0.052 1.6 ± 0.2
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Figure 5.3.: SANS curves of some of the 3MP � D2O solutions measured on the PAXE
di�ractometer at 25◦C.

Table 5.4.: Results of �tting the SANS curves with the Ornstein-Zernike model (Eq.6.1)
for 3-methylpyridine � D2O solutions measured at 25◦C.

3MP mole fraction A / cm−1 Bg / cm−1 ξ / Å
0.005 0.024 ± 0.002 0.073 ± 0.002 3.3 ± 0.3
0.01 0.043 ± 0.004 0.087 ± 0.002 2.6 ± 0.3
0.015 0.102 ± 0.001 0.089 ± 0.002 4.1 ±0.1
0.02 0.175 ± 0.002 0.104 ± 0.001 5.4 ± 0.1
0.025 0.323 ± 0.003 0.104 ± 0.001 7.1 ± 0.1
0.03 0.524 ± 0.005 0.122 ± 0.001 8.9 ± 0.1
0.035 0.835 ± 0.010 0.123 ± 0.001 10.6 ± 0.1
0.04 1.417 ± 0.018 0.143 ± 0.001 13.6 ± 0.1
0.05 2.675 ± 0.048 0.150 ± 0.001 17.5 ± 0.2
0.06 4.578 ± 0.012 0.179 ± 0.001 22.4 ± 0.4
0.08 6.56 ± 0.020 0.203 ± 0.002 25.3 ± 0.5
0.1 6.69 ± 0.16 0.231 ± 0.002 25.4 ± 0.4
0.15 1.81 ± 0.03 0.304 ± 0.003 12.1 ± 0.2
0.25 0.198 ± 0.015 0.377 ± 0.018 2.9 ± 0.3
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Figure 5.4.: Forward scattering intensities and correlation lengths in 3-methylpyridine �
heavy water mixtures as obtained from a �tting of the SANS curves by the
Ornstein-Zernike model (Eq. 6.1).

5.1.2. Methylpyridine solutions
Solutions of the three methylpyridines have been measured on the PAXE di�ractome-
ter during one experimental cycle. This could be important for comparing the results
obtained for the three mixtures, as possible di�erences connected with the absolute cal-
ibration are avoided. All the three systems have been measured over a concentration
range of 0.01 - 0.25 mole fraction of methylpyridine at three temperatures: 25, 31.1
and 51.5◦C. At the two lower temperatures all the solutions were in the fully miscible
state. The 3MP � D2O samples of concentrations higher than 4 mol% exhibit a phase
separation above 38◦C, therefore only some of them have been measured at 51.5◦C. The
SANS spectra of 2MP � D2O solutions, measured at 25◦C are shown in Figure 5.2.

SANS spectra of the 3MP � D2O solutions are shown in Figure 5.3, and the results of
�tting Equation 6.1 are collected in the Table 5.4. The obtained values of the forward
scattering intensity and correlation length in 3MP � D2O solutions at 25◦C are shown
in Figure 5.4 as a function of mole fraction of 3MP. Both quantities exhibit a maximum
around 8 - 10 mol%, indicating the region with the largest inhomogeneities. The com-
position 0.084 mole fraction of 3MP in D2O corresponds to the critical composition of
the LCST.

5.1.3. Dimethylpyridine solutions
Heavy water solutions of 2,6-dimethylpyridine have been studied on the SANS instru-
ment Yellow Submarine. This mixture has a very low LCST (28.7◦C). We have measured
this solution only at 25◦C, for which some thermodynamic data are also available. The
spectra are shown in Figure 5.5.
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Figure 5.5.: SANS curves of 2,6-lutidine � D2O solutions measured on the Yellow Sub-
marine instrument at 25◦C. Mole fractions of lutidine in the solution are
indicated, and the curves �tted to the Ornstein-Zernike model are plotted.
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5.1.4. Non-aqueous solutions
In order to investigate the e�ect of di�erent solvents we have made some measurements
on mixtures of 3-methylpyridine with other solvents: carbon disul�de and carbon tetra-
chloride. The chosen concentrations were between 0.05 and 0.30 mole fraction of 3MP,
at which the demixing tendencies in the water solutions are the most pronounced. We
have not observed any sign of increased small-angle scattering in these solutions.

5.2. Primary analysis of SANS data:
Evidence of aggregation in the solution
When looking at the results of the SANS experiments, we can see that for all the
aqueous solutions of pyridine and methylpyridines there is an increase of the scattering
intensity at low q. Without further analysis, this means that the distribution of the
molecules in the liquid is not at all homogeneous. The inhomogeneous scattering length
density distribution, responsible for the coherent scattering, is caused by the non-random
distribution of the solute molecules in the liquid: the appearance of large domains of
di�erent compositions in the liquid corresponds to an e�ective attractive interaction that
is dominant between the similar species. These domains have characteristic sizes of some
nanometers, and depend on the concentration and temperature. They are increasing
when the temperature-concentration coordinates of the point of the measurement is
approaching the phase separation boundary on the phase diagram.

In the solution there is some e�ective attractive interaction between the methyl-
pyridine molecules, which leads to visible microscopic aggregation, and, presumably,
is the driving force of the macroscopic phase separation at higher temperatures.

We recall, that small-angle scattering is a low-resolution method, therefore we cannot
expect to obtain detailed structures at near-atomic resolution.
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6. Kirkwood-Bu� analysis of
methylpyridine solutions

6.1. Calculation of the Kirkwood-Bu� integrals

Our analysis of the measured small-angle scattering is based on the following assump-
tion: We consider the structure of the solution as being approximated by a continuous
variation of the scattering length density. This corresponds to the variation of the local
composition, as the two components � heavy water and the perprotiated organic solute
have strongly di�erent scattering length densities. The observed small-angle scattering
thus corresponds to the �uctuations of the local composition, and allows us to use the
Kirkwood-Bu� theory, which relates the �uctuations to macroscopic thermodynamic
quantities. We use only one measured quantity, the forward scattering intensity, so no
real structural information is deduced from the scattering only. This way, no informa-
tion can be obtained about the di�erent molecular aggregates that might be present in
the solution. On the other hand, this approach is a precise way of interpreting SANS
data, as it is based on rigorous thermodynamic theory. In the eighties Nishikawa et. al.
started to use this method for studying aqueous alcohol solutions by small-angle X-ray
scattering technique. We have adapted the formalism proposed by these authors to an-
alyze the neutron scattering data (Section 3.3). We tested the procedure on 1-propanol
� heavy water mixtures, and have found su�ciently good agreement between the �uc-
tuations and the Kirkwood-Bu� integrals calculated from neutron and X-ray scattering
data [57].

The basic relations for computing the Kirkwood-Bu� integrals and related quantities
have been described in section 3.3. In this chapter we show in more details the practical
handling of the neutron and thermodynamic data used for the calculations.

To calculate the �uctuation terms and the KB integrals using small-angle scattering
data, the following quantities are needed: the coherent forward scattering intensity, the
molar volume of the solution, the partial molar volumes of the components, and the
isothermal compressibility. In the next subsections we describe in a detailed way the
handling of these scattering and thermodynamic data.
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6.1.1. Coherent forward scattering intensity
The scattering at zero angle is most easily obtained by extrapolating the small-angle
scattering spectra to q = 0. For this purpose we �tted the scattering curves by the
following equation (Ornstein-Zernike model):

I(q) =
A

1 + ξ2q2
+ Bg (6.1)

This model was found to �t perfectly the scattering curves for all concentrations
and temperatures studied. The accuracy of the determination of the A parameter was
rather good, about 1-2%. Only at the lowest concentrations its uncertainty increased to
20%. This is related to the very small excess of the coherent scattering above the �at
background in these solutions.

The coherent forward scattering intensity can be obtained from the �tted parameter
A of Eq. 6.1. The forward scattering intensity of a two-component mixture contains a q-
independent term arising from the random mixing of the two species [76]. At moderate
temperatures the q-dependence of the compressibility term is negligible, therefore its
contribution, together with the contribution from the random mixing is �at and is hidden
in the background term Bg. Therefore the �tted parameter A does not contain these
contributions, and the coherent forward scattering intensity can be obtained by adding
these terms to the parameter A:

Icoh(0) = A + ρ2kBTb2κT + ρx1(1− x1)(b1 − b2)
2 (6.2)

6.1.2. Molar volume and partial molar volumes
The molar volume of the mixture can be determined by measuring its density. In general,
the volume of a mixture is not equal to sum of the volumes occupied by the separate
components at the same pressure and temperature before mixing. For describing the
real volume occupied by a molecule in the mixture, a special quantity, the partial molar
volume is de�ned. It is equal to the increase in volume of the mixture by adding to it an
in�nitesimal amount of one component. The ratio dVmol/dn1, where n1 is the number
of moles of the component 1 , is the partial molar volume of species 1 in the mixture. In
principle the partial molar volume can be determined by measuring the change of the
volume of the mixture when adding a small amount of one component while the amount
of the other component is held constant. In practice however the partial molar volumes
V̄1 and V̄2 are calculated from the composition dependence of the molar volume using
the following equations:

V̄1 = Vmol − x2(∂Vmol/∂x2); V̄2 = Vmol − x1(∂Vmol/∂x1) (6.3)

The di�erentiation can be performed by various methods, e.g. graphically, or by �tting
the concentration dependence of the molar volume by analytical function and calculating
its derivatives.
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Table 6.1.: Thermodynamic data used for calculations of the KBIs in pyridine � heavy
water solutions at 25◦C.

Mole fraction Vwater, cm
3 Vpy, cm

3 Vmol, cm
3 κS, 10−12dyn−1cm−2

0.02 18.07 77.89 19.27 4.34
0.04 18.07 77.93 20.46 4.26
0.06 18.07 77.99 21.66 4.25
0.08 18.07 78.06 22.87 4.26
0.10 18.06 78.14 24.09 4.29
0.12 18.05 78.22 25.27 4.34
0.14 18.04 78.32 26.48 4.37
0.16 18.03 78.42 27.69 4.42
0.20 17.995 78.64 30.12 4.53
0.25 17.93 78.93 33.18 4.65

For approximating the molar volumes with a single equation over the entire concen-
tration range usually the excess volume is �tted by a Redlich - Kister polynomial form.
In our case, as we analyzed data only at concentrations below 0.25 solute mole fraction,
it was appropriate to �t the molar volume itself by a quadratic polynomial:

Vmol = a0 + a1x1 + a2x
2
1 (6.4)

Then the partial molar volumes of the solute V̄1 and of the water V̄2 can be expressed
by the obtained coe�cients:

V̄1 = a0 + a1 + 2a2x1 − a2x
2
1 (6.5)

V̄2 = a0 − a2x
2
1 (6.6)

In Tables 6.1, 6.2 we give for reference the molar volumes and partial molar volumes
of pyridine � heavy water and picoline � heavy water solutions at 25◦C.

In 2,6-lutidine � heavy water mixtures the partial molar volumes of the two compo-
nents are constant over the investigated composition range: V̄1 = 116.72 cm3, V̄2 = 18.04
cm3. The molar volume of the mixture changes linearly with composition according to:
Vmol = 18.0352 + x1 ∗ 91.1793.

6.1.3. Isothermal compressibility
The isothermal compressibility of a liquid can be determined by de�nition, measuring
the volume change with pressure. In these measurements the pressure dependence of
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6.1. Calculation of the Kirkwood-Bu� integrals

Table 6.2.: Coe�cients of the polynomial equations (Eq. 6.4) �tting the molar volumes
of methylpyridine � D2O solutions in concentration range xMP 0 - 0.3 .

Temperature solute a0 a1 a2

25◦C 2MP 18.140 75.102 5.007
3MP 18.110 76.167 1.285
4MP 18.127 76.359 2.400

31.1◦C 2MP 18.157 75.805 5.143
3MP 18.137 76.948 0.911
4MP 18.169 76.508 4.996

51.5◦C 2MP 18.311 78.263 4.618
3MP 18.265 79.598 0.256
4MP 18.317 79.228 2.318

Table 6.3.: Sources of thermodynamic data for aqueous solutions of methylpyridines used
in our studies. In the analysis of heavy water solutions of pyridine and 2,6-
lutidine the corresponding data for light water solutions were used.

Mixture Adiabatic compressibility Density
Pyridine - H2O [67] [36]
Pyridine - D2O no data no data
3MP - H2O [41] [36]
2MP - D2O [37] [37]
3MP - D2O [38] [38]
4MP - D2O [39] [39]
2,6DMP - H2O [40] [40]
2,6DMP - D2O no data no data
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6. Kirkwood-Bu� analysis of methylpyridine solutions

the di�erent quantities (compressibility, molar volume) are usually studied. However
such studies are relatively rare due to the special equipment needed. It is much easier to
determine the compressibility by measuring the speed of ultrasound at normal pressure.
The quantity such obtained is the adiabatic compressibility:

κS =
1

ρu2
(6.7)

Here ρ is the molecular density of the solution, and u is the speed of ultrasound. The
isothermal compressibility κT can be calculated from κS , the isobaric expansivity αP

and the molar heat capacity CP :

κT = κS + V T/α2
P CP (6.8)

For our mixtures there were no available data for the expansivities and heat capaci-
ties. It is known from literature [58] and it was also checked for our solutions, that at
normal conditions the impact of the compressibilities in Equations 3.11, 3.12 is very low
(less than 3%), therefore we neglected the di�erence between isothermal and adiabatic
compressibilities.

In Table 6.3 the sources of all data used for calculations of the adiabatic compressi-
bilities and molar volumes of the solutions are listed. For pyridine � heavy water and
2,6-lutidine � heavy water solutions there were no available thermodynamic data, we
used instead corresponding data for light water solutions.
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6.2. Kirkwood-Bu� integrals and related quantities
for aqueous solutions of methylpyridines

6.2.1. The Kirkwood-Bu� integrals
We calculated Kirkwood-Bu� integrals in aqueous solutions of pyridine, all methyl-
pyridines and 2,6-dimethylpyridine using the forward scattering intensities measured by
SANS.We have also calculated KBIs for aqueous solutions of pyridine and 3-methylpyridine
using thermodynamic data taken from the literature.

The calculations of the KBIs from SANS data were performed using Eqs. 3.8, 3.9, 3.10.
Due to the small values of the compressibility in Eq. 3.7, the �uctuation term SCC and
the Kirkwood-Bu� integrals are roughly proportional to the forward scattering intensity
Icoh(0). Analyzing the contributions of the various experimental data (volumes and
compressibility) it was shown that the uncertainties to the calculated KBIs are mainly
determined by the uncertainty in the forward scattering intensity; they are nearly linear
with it. Some error can also be introduced due to the lack of appropriate thermodynamic
data on mixtures with heavy water. In these cases we used data from light water
solutions, supposing that the di�erence cannot be very large for quantities where the
isotope substitution does not produce drastic changes. These quantities are the density
and the compressibility. The most critical thermodynamic data � the Gibbs free energy
derived from vapor pressure measurements are not needed for calculations of the KBIs
when using the values of coherent zero-angle scattering Icoh(0).

Therefore we estimated that the uncertainty to the calculated KBIs are caused mainly
by the possible errors to the coherent forward scattering. These were calculated taking
into account on the error to the �t to Eq. 6.1, and assigning 10% uncertainty to the
intensity values related to the absolute normalization.

Due to the availability of thermodynamic data, Kirkwood-Bu� integrals could be
calculated for all solutions at room temperature, and for three di�erent temperatures in
the picoline � water mixtures.

The KBIs at di�erent temperatures in 3MP � heavy water mixtures are shown in
Figure 6.1. They exhibit the usual behavior characteristic of mixtures with limited
miscibility (e.g. butanol � water mixtures [59]). The most striking feature found in the
3-methylpyridine solutions is the extremely high absolute values of the KB integrals, they
are by an order of magnitude larger than those in any earlier reported liquid mixture.
The reason for this must be the relative closeness of this mixture to the boundary of
the demixing region even at room temperature. With increasing temperature the KBIs
increase and tend to in�nity when the temperature approaches the demixing line and the
mixture becomes partially miscible. This follows from turning into zero of the quantity
D in Equations 3.11 and 3.12.

The KBIs at 25◦C in the three di�erent picoline � heavy water mixtures are shown
in Figure 6.2. It can be seen that in all the three mixtures the tendency to phase
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Figure 6.1.: Kirkwood-Bu� integrals for 3MP � D2O solutions as a function of 3MP
concentration X3MP at di�erent temperatures. G11 is the solute-solute KB
integral, G22 is the water-water KB integral, and G12 is the solute-water
KBI. At 51.5◦C the solution demixes above x3MP = 0.03 .
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Figure 6.2.: Kirkwood-Bu� integrals for heavy water solutions of the three methyl-
pyridines at 25◦C. 57
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Figure 6.3.: Kirkwood-Bu� integrals for pyridine � water mixtures at 25◦C. The symbols
with error bars are obtained using SANS data, the lines with points are
calculated from thermodynamic data.

separation increases with rising temperature. In the case of 3MP � heavy water mixture
the macroscopic phase separation has taken place before the temperature 51.5◦C is
reached.

Comparison between KBIs calculated from SANS and thermodynamic data
For three mixtures we compared the Kirkwood-Bu� integrals obtained with SANS data
(using the experimental Icoh(0) ), and those calculated with the available thermodynamic
data. The Kirkwood-Bu� integrals for mixtures of pyridine, 3-methylpyridine and 2,6-
dimethylpyridine with light water were calculated at 25◦C by using Equations 3.11,
3.12, 3.14. The molar volume of the mixture and the partial molar volumes of the
components were computed from the molar excess volumes calculated from the densities
of the solutions [36]. For the excess Gibbs free energy of mixing the coe�cients of
the Redlich-Kister type equation were used which had been obtained by �tting the
experimental vapor pressure data [36].

The Kirkwood-Bu� integrals obtained in both cases for pyridine � water and heavy
water mixtures are compared in Figure 6.3. The Kirkwood-Bu� integrals for mixtures
of 3MP in water calculated from thermodynamic data at 25◦C are shown in Figure 6.4.

In Figure 6.4 we can see that near concentrations of 8 mol% and 18 mol% the KBIs
diverge, and their signs are changed. The 3MP � H2O mixture is known to be macro-
scopically homogeneous over the entire composition range, thus the divergence of the
calculated KBIs should be erroneous: it can result from using erroneous thermodynamic
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Figure 6.4.: Kirkwood-Bu� integrals for 3MP � H2O mixtures at 25◦C as a function of
mole fraction of 3MP (x1), calculated from thermodynamic data only.

data. Examining the used equations 3.11, 3.12, 3.14 it can be noticed that the divergence
of the calculated KBI values can originate from the incorrect derivatives of the excess
Gibbs free energy of mixing. This is not surprising as the free energy is calculated from
relatively low precision vapor-liquid equilibrium measurements, and usually only 10 �
20 data points are taken over the whole concentration range. The incorrectness of the
calculated second derivatives of the free energy of mixing can be shown by computing
the values of the function D de�ned by Equation 6.9 (same as Eq. 3.14):

D = 1 + x1(1− x1)
∂2GE/RT

∂x2
1

(6.9)

The thermodynamic stability condition for solutions is that D > 0 [58]. For 3MP
� H2O mixtures, in the concentration range between about 8 mol% and 18 mol% the
values of D turned out to be negative, consequently, the thermodynamically inconsistent
activity data lead to inaccurate KBI values. Similar result has been obtained when trying
to calculate the KBIs for 2,6DMP � H2O mixtures.

This analysis showed that the precision of the available thermodynamic data is sat-
isfactory for those mixtures, which are far from the demixing (pyridine � water), but
they cannot be used for mixtures where the deviation from the ideal behavior is very
pronounced (like 3-methylpyridine � water, and dimethylpyridine � water mixtures).
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Figure 6.5.: Closeness to phase separation in 3-picoline solutions at T = 25◦C.
Data points for 3MP � D2O mixture are calculated using SANS data [�lled
squares], the full line for 3MP � H2O mixture is calculated from thermody-
namic data only. At this temperature both solutions are miscible over the
whole concentration range, the values of the closeness parameter smaller
than -1 are attributed to inaccurate thermodynamic data (see the text).

6.2.2. Closeness to phase separation
The quantity

x1x2

(
∂2GE/RT

∂x2
1

)

T,P

(6.10)

is often regarded as a parameter characterizing the closeness to phase separation of a
binary mixture. It is equal to -1 at the critical solution points and within the miscibility
gap of a partially miscible mixture while outside the miscibility gap its value should be
larger than -1 [79]. It can be expressed also via the concentration �uctuations:

x1x2

SCC(0)
− 1 (6.11)

From this form the natural limit -1 of the quantity is seen: the average value of
concentration �uctuations cannot be negative. Approaching the macroscopic phase sep-
aration, the concentration �uctuations increase up to in�nity. In this case the closeness
parameter reaches its limiting value -1.
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Figure 6.6.: Closeness to phase separation in aqueous solutions of pyridine at 25◦C.
Points for pyridine � D2O are calculated from SANS data [�lled circles], the
full line for pyridine � H2O is calculated using thermodynamic data only.

Figure 6.5 shows the concentration dependence of this parameter in water and heavy
water solutions of 3-methylpyridine at 25◦C. At this temperature both mixtures are
still outside the immiscibility region (see the phase diagram, Figure 2.4). The points
obtained using SANS data are seen to approach very closely the limiting value -1, at
concentrations of about 8 - 10 mol% of methylpyridine. This illustrates how closely
this mixture comes to the formation of two liquid phases. The 3MP � D2O mixture is
extremely close to phase separation already at room temperature, at 12◦C below the
lower critical solution temperature. The concentration at which the closest approach is
observed is the same as the critical concentration 8.4 mol% of the LCST.

In the same �gure the line is calculated for 3MP � H2O solution at 25◦C using ther-
modynamic data only. It can be seen that the line goes below -1, which can be only
caused by the use of thermodynamically inconsistent data.

Figure 6.6 shows the concentration dependence of the closeness parameter in water
and heavy water solutions of pyridine at 25◦C. Comparing to the previous case we see
that both the points and the line are above -0.9, such that the pyridine solutions are
substantially farther from the phase separation than the 3-methylpyridine solution. The
curve calculated from thermodynamic data and the points obtained using SANS data
are su�ciently close to each other. Both mixtures are seen to be far enough from the
phase separation. at such distance the isotope e�ect due to the substitution of water by
heavy water is not so pronounced, as in the case of methylpyridines, so the �uctuations
and the KB integrals both in water and heavy water solutions have similar magnitudes.
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Figure 6.7.: Closeness to phase separation in methylpyridine � heavy water solutions at
T = 25◦C.

The corresponding curves for the pyridine � water, pyridine � heavy water mixtures
at 70◦C, show a minimum of -0.9 at x1 = 0.105 [80]. The comparison with the present
values at 25◦C (-0.86 at x1 = 0.10) indicates that the position and height of the minimum
varies negligibly with temperature, consequently one cannot expect that this mixture
undergoes a phase separation at any temperature.

In Figure 6.7 we compare the closeness to phase separation for the three methyl-
pyridine solutions. According to the expectations the line for 3MP approaches most
closely the value -1, as this mixture is closer to the phase separation than the other two,
according to their phase diagrams (Figure 2.4).

It is surprising that according to the closeness curves the 4MP � heavy water mixture
seems to be closer to phase separation than the 2MP � heavy water mixture, despite that
4MP mixes with heavy water in the whole concentration range. This indicates that even
though 4MP � water and 4MP � heavy water mixtures are macroscopically homogeneous
at all compositions and temperatures under normal conditions, a demixing region might
be found by changing pressure, or eventually by deuterating the solute.
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Figure 6.8.: Closeness to phase separation in the series of pyridine � 3-methylpyridine
� 2,6-dimethylpyridine aqueous solutions at T = 25◦C in the function of
concentration. The 'Closeness' quantity is calculated by expression 6.11.

In Figure 6.8 the behavior of the representatives of the three groups is compared
at 25◦C: heavy water solutions of pyridine, 3-methylpyridine and 2,6-dimethylpyridine.
The curves for both 3MP and 2,6DMP are very close to the phase separation boundary,
due to the closeness of these mixtures to phase separation. (The temperatures of the
phase separation are 38.5◦C for 3MP and 28.7◦C for 2,6DMP). The pyridine � heavy
water solution is far away from macroscopic phase separation.
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Figure 6.9.: Fluctuations in pyridine � heavy water solutions at 25◦C. The solid line is
the concentration �uctuation term in ideal mixture, given by x(1− x).

6.2.3. Fluctuations
The �uctuation terms SNN(0), SCC(0), SNC(0) in the solutions were calculated using
Equations 3.5, 3.6, 3.7.

As we can see from Equations 3.5, 3.6, only one �uctuation term is independent out
of the three. The most useful for considerations is the term SCC(0). It is easy to
demonstrate why is the concentration �uctuation term SCC(0) related to the particle
aggregation in the mixture. The change of the concentration in a hypothetical �xed
volume is caused by the random movements of the molecules in and out of the volume.
If there are aggregated molecules of the same species, then a molecule, when crossing
the boundary of the volume, is followed by the attached molecules. Thus the concen-
tration inside the volume changes by a larger value than if the molecules would move
independently. This leads to an increase in the magnitude of the concentration �uctua-
tions. In an ideal mixture, the concentration �uctuation term is given by the equation
Sid

CC(0) = x(1−x), and reaches a maximal value of 0.25 . If the actual magnitude of the
concentration �uctuations exceeds this value then there must be some kind of collective
motion, or association of the same type of molecules in the mixture.

The �uctuation terms in pyridine � heavy water mixture are plotted in Fig. 6.9. The
concentration �uctuation term SCC(0) is seen to be higher than that of ideal solution
given by x(1 − x). In all the other solutions the behavior of the �uctuation terms is
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Figure 6.10.: Fluctuations in heavy water solutions of picolines at 25◦C.
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solutions of methyl-substituted pyridines at di�erent temperatures.

similar, their values are even higher than those in the pyridine solution. In Figure 6.10
they are shown for the three picoline � heavy water solutions at 25◦C.

The closeness to the phase separation region is equally well re�ected by the values of
the concentration �uctuations, see Equation 6.11.

In Figure 6.11 we compare the maximum values of the concentration �uctuation terms
SCC(0) in all solutions at di�erent temperatures. It can be seen that at 25◦C the �uctu-
ations are the highest ones in the 3MP � D2O mixture. Their value is even higher than
that in the 2,6-lutidine � heavy water mixture, although both mixtures have a phase
separation temperature not much above 25◦C. Interestingly, according to the phase di-
agram (Table 5.1) the 2,6-lutidine solution seems to be closer to the phase separation
with its LCST 28.7◦C than the 3MP � D2O mixture with LCST = 38.5◦C. However,
the higher value of the �uctuations in the 3MP � D2O mixture shows us that the true
distance from the phase separation region is actually larger for the 2,6DMP solution.
This apparent discrepancy can be explained by looking at the form of the immiscibility
region not only in the concentration - temperature coordinate plane, but in the whole
phase diagram including also the pressure coordinate. The closeness to the immiscibility
domain can be di�erent in two and in three dimensions. Studies of the phase behavior
varying the pressure could furnish more complete information about the peculiarities in
the mixing behavior of these two-component mixtures.
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6.2.4. Excess numbers of molecules
Further parameters that characterize the structure can be derived from the Kirkwood-
Bu� integrals, these are the excess numbers of molecules around a central one. They
are calculated using Equation 3.3. The excess numbers of molecules for 3MP � D2O
solutions at room temperature are tabulated in Table 6.4 and shown in Fig. 6.12. As
can be seen the local compositions are di�erent from the bulk ones in the concentration
range 0.06 < x1 < 0.15, which means that in the 3MP � heavy water mixtures clustering
of the molecules of the same kind occurs.

The positive ∆n22 values, exhibiting a maximum at about x1 = 0.1, indicate an
enhancement of the mutual interactions of the water molecules. The values of ∆n11,
which characterize the hydrophobic interactions between the solute molecules are also
positive but much smaller than ∆n22. The large negative values of ∆n21 suggest that
there is a signi�cant de�cit of the water molecules in the vicinity of a methylpyridine
molecule.

In all methylpyridine solutions the excess numbers show similar general behavior, as
well as the �uctuation terms and the Kirkwood-Bu� integrals.

Further quantitative analysis of the excess numbers can be done by comparing ∆nij to
the volume, in which this excess number of the molecules are to be found. It is usually
called correlation volume. This volume is however not well-de�ned, di�erent authors
use it in di�erent manner: one coordination shell around the central molecule, or two
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Table 6.4.: Excess numbers ∆nij of molecules i around a central molecule j in 3MP �
D2O solutions. Subscript 1 refers to 3MP, 2 refers to D2O.

T 3MP mole fraction ∆n11 ∆n12 ∆n22 ∆n21

25◦C: 0.005 1.53 -0.040 0.209 -7.98
0.010 1.41 -0.074 0.38 -7.31
0.015 2.84 -0.225 1.17 -14.8
0.020 4.05 -0.430 2.24 -21.1
0.025 6.55 -0.875 4.56 -34.1
0.030 9.36 -1.51 7.86 -48.8
0.035 13.3 -2.52 13.1 -69.5
0.04 20.5 -4.46 23.3 -107
0.05 32.6 -8.94 46.6 -170
0.06 48.4 -16.1 84.1 -252
0.08 55.6 -25.2 131 -290
0.10 48.2 -27.9 145 -251
0.15 9.68 -8.94 46.8 -50.7
0.25 0.64 -1.13 5.93 -3.38

31.1◦C: 0.005 1.69 -0.044 0.23 -8.89
0.010 1.31 -0.069 0.36 -6.91
0.015 2.91 -0.23 1.22 -15.3
0.020 4.40 -0.47 2.4 -23.1
0.025 7.42 -0.99 5.2 -38.9
0.030 11.3 -1.83 9.6 -59.3
0.035 17.1 -3.25 17.1 -89.7
0.04 29.2 -6.37 33.4 -153
0.05 56.5 -15.6 81.8 -296
0.06 114 -38.1 200 -599
0.08 170 -77.8 408 -894
0.10 155 -90.5 475 -815
0.15 16.1 -14.9 78.5 -84.6
0.25 0.79 -1.39 7.38 -4.19

51.5◦C: 0.005 1.69 -0.046 0.245 -9.09
0.010 1.35 -0.073 0.393 -7.25
0.015 3.01 -0.25 1.32 -16.1
0.020 4.69 -0.51 2.75 -25.1
0.025 8.43 -1.15 6.21 -45.2
0.030 15.4 -2.54 13.6 -82.2
0.035 18.4 -3.56 19.1 -98.4

68



KBIs and related quantities

coordination shells [62], or a relatively large volume the size of which is comparable to the
size of the inhomogeneity region seen in small-angle scattering experiment [61]. Moreover
the volumes in a mixture can be di�erent for the two kind of species, so two characteristic
sizes are to be considered in the mixture � one that corresponds to the size of the solute
aggregates, and another one is characteristic of the solvent clustering. Unfortunately,
though the small-angle scattering is sensitive to the sizes of the inhomogeneities, these
two quantities cannot be extracted from one measurement, neither they can be measured
separately in two measurements, using contrast variation for example.

In all our measurements we were able to distinguish only one characteristic size: this
size corresponds to the loss of the correlation between regions having di�erent compo-
sitions. This quantity must be certainly related to the correlation volumes mentioned
above, but the relation between the distance and the correlation volume is not known, as
the form of solute-rich and solvent-rich regions are not well-de�ned. Moreover, it is most
probably a simpli�ed picture to speak about two di�erent domains, in the real sample
the local composition may change continuously, so the "solute-rich" and "solvent-rich"
regions will not have sharp boundaries.

In spite of these di�culties, there is a strong temptation to try to determine the
local surrounding of the molecules � this can be the main step which helps to relate the
macroscopic properties of the solution with the microscopic, structural and energetic
parameters of the molecular con�guration.

6.2.5. Local concentration and correlation volume
Recently Shulgin and Ruckenstein compared experimental and theoretical results for the
characteristic sizes of the solute-rich and the solvent-rich regions in aqueous alcohol so-
lutions [61]. The experimental radii of the inhomogeneity regions were taken from SAXS
measurements, the theoretical correlation volumes of the solute rich and solvent rich re-
gions were calculated using the excess numbers (calculated from thermodynamic data)
and the local compositions, which can be predicted using the so-called NRTL equations.
A remarkable agreement was found for aqueous propanol and buthanol solutions, the
calculated sizes of the inhomogeneity regions agreed well (to a factor of two) with the
experiments over the whole concentration range. This is so far the only one such study,
this way of interpretation of the correlation regions is not yet well-established.

For methylpyridine solutions the parameters needed in these equations are not known,
so what we can do is to estimate the local composition in a volume around an arbitrarily
chosen central molecule, knowing the excess numbers of molecules inside the volume and
taking its size as given by SANS measurements.

The local concentration x11 of species 1 around a solute molecule 1 can be written as
follows [61, 62]:

x11 =
n11

n11 + n21

=
∆n11 + x1ρV corr

1

∆n11 + ∆n21 + ρV corr
1

(6.12)
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nij are the total numbers of molecules i in the vicinity of a molecule j. Using this equa-
tion the correlation volume V corr

1 around a methylpyridine molecule can be calculated
from the local composition x11, using the excess numbers ∆n11, ∆n21, obtained previ-
ously (section 6.2.4). This method was used in [61] for calculations of the correlation
volumes in alcohol � water mixtures.

Another possibility is to calculate V corr
1 for di�erent x11. Then we can follow the

variation of the characteristic size of the solute-rich region with the assumed local con-
centration of the solute in the vicinity of a solute molecule.

In order to compare the calculated cluster size with the experiment, we consider that
the correlation length ξexp measured by SANS is equal to radius of the correlation volume
Rcorr . In Figure 6.13 the radii Rcorr calculated for di�erent x11 local compositions are
displayed. They are plotted for all concentration values between 0.01 and 0.25 at which
the measurements have been performed. The radii Rcorr are seen to be higher for higher
local concentrations of the solute.

The experimental correlation length ξexp is also plotted. It can be seen that the
calculated and measured sizes are close to each other if the local composition in the
solute-rich region is of about 0.8 - 0.95 .

Thus we conclude that for the measured system, the experimental forward scattering
intensities and the inhomogeneity sizes correspond to such local compositions in the
solute-rich domains, which suggest that they should consist mainly of solute (methyl-
pyridine) molecules.

The precision of this calculation depends basically on two assumptions � that the
sizes of the solute-rich and the solvent-rich regions are not far from each other and
contribute to the measured average parameter � correlation length ξexp. Rigorously the
sizes of these regions are equal only around the critical composition, at which, increasing
the temperature, the mixture separates into two phases with equal sizes. Shulgin and
Ruckenstein analyzed the local correlation volumes for the solute and the solvent in
aqueous alcohol solutions [61] and found that the sizes of the solute-rich and the solvent-
rich domains are close to each other, the maximal di�erence was of a factor of two in
favour of the size of the water-rich region.

The second approximation is the correspondence between the ξexp and the size or the
radius of the domains. This equality has been used in several works and is based on the
fact that the beginning of the scattering curve corresponds to some characteristic size in
the system. The parameters in the di�erent models, � radius of sphere, gyration radius,
Debye correlation length, � can be transformed to each other by a multiplicative factor,
which is in between 0.5 and 2.

We assume that according to these considerations we have an uncertainty in the size
of a factor of two, so the calculated local density can respectively vary within a similar
interval. Even allowing for that, we �nd that in our methylpyridine � water solutions the
solute-rich and solvent-rich regions contain predominantly solute and solvent molecules,
respectively.
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Figure 6.13.: Size of the correlation volume in the 3MP � heavy water solution at 25◦C.
The curves with lines and symbols are calculated for di�erent possible local
compositions in the solute-rich region. The big symbols are the measured
correlation lengths ξexp.

This can be suggested also intuitively looking at the high value of the excess numbers
of molecules of the same species ∆nii.
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7. QENS studies
7.1. Experiments
The quasielastic neutron scattering (QENS) experiments have been performed on the
MIBEMOL time-of-�ight neutron spectrometer at the reactor Orphée of LLB. The char-
acteristics of this instrument are well suitable for studying dynamic behavior of water
and organic molecules in aqueous solutions. To measure the dynamics of various species
the energy window of the spectrometer has to be adjusted in order to include the quasi-
elastic broadening due to the motions of the nuclei in the system, taking into account the
instrumental resolution necessary for resolving the line broadening caused by the given
motion. The energy-window and the q-range covered in a time-of-�ight measurement can
be varied by changing the incoming wavelength. This is achieved by varying the rotation
speeds and adjusting the phases of the choppers. The MIBEMOL spectrometer is opti-
mized for measurements of energy transfers between 0.01 and 10 meV. The characteristic
parameters for the most often used con�gurations of the MIBEMOL spectrometer are
collected in Table 7.1.

In our measurements the expected slowest motion was the di�usive motion of the
methylpyridine. The high energy resolution of 28 µeV was adequate to measure the
methylpyridine di�usion, and it was used also for measuring the di�usive motion of the
water in the solution, which is only 2 - 3 times faster than the translational motion
of the methylpyridine. Another con�guration was necessary when looking at faster
motions in the sample, like the rotational motion of the water molecules. This motion
leads to energy transfer of the scattered neutron up to one meV, the corresponding
energy window is covered by using 6Å neutrons, for which the energy resolution is 96
µeV. For each energy window (and resolution) the accessible momentum transfer range
is determined by the angular positions of the detectors, which cover an angular range
of 150◦. To determine the di�usion coe�cients using the most common models like
continuous di�usion or jump-di�usion, the appropriate q-range is be safely covered in
these con�gurations.

We used H-D isotopic substitution in order to separate the motion of the two species.
This means that fully deuterated 3MP (97% deuteration, Eurisotop, France) was dis-
solved in distilled water, and normal 3MP was dissolved in 99.9% heavy water.

The samples were �lled in cylindrical sample holders made of aluminium. Their thick-
nesses were chosen so as to reach more than 90% transmission for each sample (as
calculated from the density of protons in the liquid). That is why for di�erent solutions
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Table 7.1.: Characteristic parameters for di�erent con�gurations of the MIBEMOL
spectrometer. Mean wavelength λ0, energy resolution (FWHM), maximal
observation time tmax, and the accessible momentum transfer range.

λ0, Å Resolution, µeV tmax, ps qmin, Å−1 qmax, Å−1

4 446 3 0.693 2.929
6 96 14 0.462 1.953
9 28 47 0.308 1.302
11 8 82 0.149 1.073

di�erent sample thicknesses were used, between 0.2 and 0.6 mm. This choice was made
in order to avoid corrections for multiple scattering. The high transmission means also
that the measurement is "not e�cient" as most of the incoming neutrons just pass the
sample without scattering. To achieve su�cient statistics the typical data collection
times were not less than 8 hours for each sample at each con�guration.

All measurements were performed at temperature T = 25◦C, at which the solutions
are macroscopically homogeneous over the whole concentration range. We used three
characteristic concentrations: 2, 8.4 and 25 mol% 3MP in water. Previous SANS mea-
surements indicated long-range composition �uctuations in the 2 and 8.4 mol% solutions,
while the 25 mol% 3MP the solution is nearly homogeneous at microscopic scale also. In
the 8.4 mol% solution, the �uctuations have the maximum extension, this is the critical
composition of the 3MP � D2O mixture at the lower phase separation point (see also
the phase diagram, Figure 2.4).

7.2. Data analysis
At the medium resolution of 96µeV we can detect contributions from two types of mo-
tions: a translational di�usion and a rotational di�usion of the water protons. The
scattering function Smodel(q, ω) for this case can be written as follows:

Smodel(q, ω) = e−
q2〈u2〉

3

(
j2
0(qa)

1

π

Γtrans

ω2 + Γ2
trans

+ 3j2
1(qa)

1

π

Γrot + Γtrans

ω2 + (Γrot + Γtrans)2

)
(7.1)

The �rst exponential term is the Debye-Waller factor, which stands for the vibrational
part of the dynamic structure factor. The 〈u2〉 is the mean square amplitude of vibrations
of all protons in the sample. The two Lorentzian terms come from the translational and
rotational parts of the structure factor, their widths Γtrans and Γrot are proportional to
the translational and rotational di�usion coe�cients, respectively. The j0(qa) and j1(qa)
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are spherical Bessel functions; a is the radius of the water molecule, to which the proton
motion is con�ned, interpreted as the O-H distance (0.98Å).

At the high-resolution of 28µeV only the �rst term is seen, which originates from
the translational di�usive motion. The second, more wide Lorentzian cannot be distin-
guished from the background. We used these model functions for �tting the experimental
spectra.

The data analysis was performed using the standard procedures developed at LLB.
The intensities measured with the large set of detectors were grouped to points of nearly
equal momentum transfer. At each point the time-of-�ight spectrum was �tted by one
Lorentzian or a sum of two Lorentzian components convoluted with the instrumental
resolution function R(q, ω), and a background term was added to correct for the contri-
bution of inelastic processes:

Sfitting(q, ω) = A(q)
(
Smodel(q, ω)⊗R(q, ω)

)
+ B(q, ω) (7.2)

The A(q) term accounts for the Debye-Waller factor and for absolute normalization,
from its q-dependence the mean square displacement of the proton vibrations can be
derived. The Bessel function prefactors in Eq. 7.1 are replaced by the amplitudes of
the Lorentzians. The B(q, ω) is a background term, linear in the time-of-�ight channel
numbers. It accounts for the weak inelastic contribution in the quasielastic region of the
spectra.

7.3. Results
7.3.1. Motion of the water
High resolution measurements
The line broadening in the deuterated 3MP � H2O solutions measured at high resolution
28µeV (λ = 9 Å) are shown in Figure 7.2.

The dependence of the Lorentzian linewidth in function of q2 can be approximated by a
straight line only in the small-q part of the momentum transfer range, this indicates that
for long distances the water motion is seen as being di�usive. The deviation of the data
points from the straight line at higher q values indicate that at shorter distances more
subtle e�ects in the proton motion become visible, this is the result of the in�uence
of interatomic interactions (like hydrogen bonds) between the scattering nuclei. For
water and other hydrogen-bonded liquids, these e�ects are well described as temporary
localisation of protons forming hydrogen bonds. We used the conventional jump di�usion
model (Eq. 4.19) to obtain the values of the di�usion coe�cient Dtrans and the residence
time τ0 of the protons (Table 7.2).

The di�usion coe�cient of water in the solution decreases, when the solute concen-
tration increases.
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7.3. Results

Figure 7.1.: QENS spectrum of the 25 mol% solution of deuterated 3-methylpyridine in
H2O, measured with 96µeV resolution at q = 0.46 −1. The full line is the �t
to Eq. 7.2, the dotted lines are the components of rotational and translational
di�usion. The short dashed line is the background.
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Figure 7.2.: Quasielastic linewidths obtained from high energy resolution spectra
(λ = 9Å) in H2O � C6D7N mixtures. The lines are �ts using the
jump di�usion model.

Medium resolution measurements
At the medium resolution the wide energy window allows one to detect the relatively fast
di�usional motion of the water protons, which is usually interpreted as the rotational
motion of the proton in the water molecule. The slower translational di�usive motion
of the water is still visible at this resolution, so both types of motions contribute to the
quasielastic line broadening. The spectrum measured with λ = 6 Å at q = 0.46 Å−1 is
shown in Figure 7.1, together with the di�erent components of the �tted model function.

In order to extract the corresponding parameters � the linewidths and the amplitudes
of the Lorentzians (Eq. 7.1), one can use several ways to �t the spectra to the model
function. When the translational di�usion of the water protons is already known (for
example measured at better resolution), then the width of the narrower Lorentzian can
be �xed to the previously found values, and only one width parameter is let free in the
�tting procedure. This procedure allows one to avoid the interplay between the two
Lorentzians, which can sometimes result in erroneous �t if the two linewidths do not
di�er substantially.

In our measurements we followed a less safe procedure, by letting free all the param-
eters of the two Lorentzians. Together with the two parameters of the background we
�tted six parameters to the measured spectra at each q point. The quality of the data
proved to be su�ciently high so the two linewidths could be �rmly distinguished by
the �tting procedure for all d-3MP � H2O samples. The broadening of the narrower
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Figure 7.3.: Linewidths of the water translational component as obtained independently
from the high resolution, λ = 6 Å and the medium resolution, λ = 9 Å
measurements. The �lled symbols are obtained by �tting the high resolution
spectra with a single translational Lorentzian function. The open symbols
with error bars are the results of the �tting of the medium resolution spectra
by two Lorentzians.

Lorentzian, which describes the translational di�usion, was similar to that found in the
high resolution measurement. They are shown together in Figure 7.3.

The only exception was for the case of the dilute sample, containing 2 mol% deuterated
methylpyridine. In this sample the water di�usion coe�cient is not substantially lower
than that for pure water. At higher q values the line broadening due to translational
di�usion becomes comparable with the rotational broadening, which is usually 0.2-0.3
meV (HWHM) (see also Figure 7.4). Therefore for higher q values the unconstrained �t
with two Lorentzians was not possible, so in Figures 7.3, 7.4 there are no data points
plotted above 2.5 Å−2 for the 2 mol% sample.

The values of the rotational line broadening are shown in Figure 7.4. They are seen to
be constant over the measured q-range, but the large error bars do not permit to deter-
mine precisely their values. This q-independent linewidth proves the localized character
of the motion. A small increase in the linewidth with solute concentration can be inferred
if averaging linewidths at all measured q values, however due to the large error bars it is
still possible that there is no real change with concentration. The average linewidths are
shown in Table 7.2. From the line broadening the rotation relaxation times τ1 can be
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Figure 7.4.: Linewidths of the water rotational component obtained from the low energy
resolution spectra ( λ = 6 Å) in H2O � C6D7N mixtures. The mole fractions
of 3MP are indicated. The data points for 8.4 mol% and 25 mol% solutions
are shifted up by 1 and 2 meV, respectively. The average values of the
linewidths are collected in Table 7.2.

Table 7.2.: Translational self-di�usion coe�cients Dtrans of water and of
3-methylpyridine as determined from the high resolution measurements.
The residence times τ0 and rotational linewidths Γrot are obtained from the
medium resolution measurements.

X3MP Dwater
trans (10−6 cm2/s) D3MP

trans (10−6 cm2/s) τ0 (ps) Γrot (meV)
0.02 20.7 ± 0.2 11.3 1.1 ± 0.2 0.16
0.084 15.1 ± 0.3 8.6 1.4 ± 0.3 0.19
0.25 9.7 ± 0.3 8.4 1.6 ± 0.3 0.23
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Figure 7.5.: Self-di�usion coe�cients of H2O and 3MP in the mixtures at room temper-
ature. The value for pure light water is taken from [84].

obtained, which are usually attributed to the hydrogen-bond lifetime. They are found
to be about 1 ps in the methylpyridine solutions.

7.3.2. Motion of the methylpyridine
The line broadening of the high-resolution spectra in the ordinary methylpyridine �
heavy water solutions was modeled by Eq. 7.1, with only one Lorentzian corresponding
to translational motion. The resulting line broadening was �tted by the simplest di�usion
law valid for a continuous di�usion (Eq. 4.16). The resulting di�usion coe�cients are
shown in Figure 7.5.
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Figure 7.6.: Self-di�usion coe�cients of H2O in solutions with various organic solutes.
Results of QENS measurements on methylpyridine, dimethyl-sulfoxide [82],
and 1,2-dimethoxy ethane [84] solutions.

7.4. Analysis of the water dynamics
In order to have a better understanding of the processes in the mixture, it can be useful
to compare the motions of the two species which occur at the same time scale, so that
a possible coupling between them can be elucidated. In Figure 7.5 we compare the
obtained di�usion coe�cients of the solute and of the solvent water in the aqueous
solutions of 3MP. It is seen that with increasing the solute concentration the di�usivities
of both components decrease.

A remarkable point is that at higher concentrations of methylpyridine the di�usion
coe�cient of water gets close to that of the solute. We should keep in mind that these
self-di�usion coe�cients are measured in di�erent solutions (because of the isotope sub-
stitution), so we cannot get exactly the di�usivities of both species in the same sample.
But assuming that the isotope substitution does not change substantially the behavior
at room temperature (far from the phase separation region), we can say that there is
a visible tendency of the di�usivities of the two species to become similar at higher
concentrations.

Many aqueous solutions of hydrophobic molecules show similar behavior: decrease of
the water di�usion coe�cient with increasing solute concentration. This is the case for
example in aqueous solutions of tetramethylurea [83], of 1,2-dimethoxy ethane [84], or
of 1-propanol [85]. In Figure 7.6 we compare the water di�usion coe�cients as obtained
by QENS in di�erent aqueous solutions of organic molecules.
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Table 7.3.: Results of analysis of the average slowing down of the water motion assum-
ing two populations of water in the 3MP solutions. P is the ratio of the
hydration water to the total amount of water, as obtained from Equation 7.3.
Nhydr.water/N3MP is the ratio of the slow water molecules to the number of
the 3MP molecules.

X3MP P Nhydr.water/N3MP

0 0 �
0.02 0.08 3.9
0.084 0.38 4.1
0.25 1 �

In the more dilute solutions, the observed di�usion coe�cients of the water represent
an average for all water molecules having di�erent environment: surrounded by water
only or attached to the solute molecules with or without hydrogen bonding. The proper
way to account for this in the data evaluation would be to describe the water di�usion
with more than one Lorentzian function. Attempts to perform non-constrained �tting
of the high resolution spectra with two translational relaxation times, without �xing the
widths or the ratio of the two Lorentzians were not successful.

A simple way to account for the presence of water molecules having di�erent dynamics
is to assume that two populations of water are present in the solution: one part of water
behaves like bulk water, the other part is in�uenced by the solute molecules and has
therefore slower dynamics [86, 87]. In this approximation the measured average self-
di�usion coe�cient consists of the contributions of the slow or hydration water Dhydration

and the bulk water Dbulk, the proportion between them is expressed by a parameter P :

1

Ds

= (1− P )
1

Dbulk
+ P

1

Dhydration
(7.3)

where Ds is the measured average self-di�usion coe�cient and P is the fraction of the
slow water to all water molecules. The slow water molecules are located in the hydration
sphere of the solute, thus their di�usion coe�cient can be close to the di�usion coe�cient
of methylpyridine.

The most concentrated solution that we measured contained three water molecules
for each methylpyridine molecule. Taking into account the large size of methylpyridine,
it is reasonable to assume that there is no free water in this solution, i. e. all water is
in contact with solute. Thus the water di�usion coe�cient measured in the 25 mol%
solution can be regarded to be similar to the di�usivity of the hydration water in the
more dilute samples. Substituting into Equation 7.3 the di�usion coe�cients of pure
water (23∗10−6cm2/s) and that found in the concentrated mixture (9.7∗10−6cm2/s) we
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obtain the fractions of the hydration water in the 2 mol% and in the 8.4 mol% solutions:
they are 0.08 and 0.38, respectively. The resulting numbers are shown in Table 7.3.

The apparent increase of the bound water fraction with increasing solute concentration
is the consequence of the mathematical form of the Equation 7.3. A more interesting
quantity is the ratio of the bound water molecules to the number of the solute molecules.
In the 2 mol% solution this ratio equals to 3.9, in the 8.4% solution � to 4.1 (Table 7.3).

It is remarkable that they are similar to each other. If the situation is the same in the
even more dilute solutions, than this number can be interpreted as the average number
of water molecules that are somehow bonded to a single methylpyridine molecule, they
can be attached for example by the strong H-bond to the nitrogen atom of the ring.

We know that the methylpyridine solutions are not homogeneous, but there exist zones
rich in water and rich in solute. As most of the solute molecules are accumulated in the
solute-rich zones, the obtained quantity Nhydr.water/N3MP shows the composition of the
solute-rich zone: this is an aggregate consisting of several methylpyridine molecules, and
four times more water molecules.

We can notice the di�erence in the composition of the solute-rich clusters, as seen
by small-angle scattering and by quasielastic neutron scattering. It can be understood
taking into account, that the SANS measurement gives the size and the composition of
the cluster, in which the composition (the contrast) di�ers from that of the surrounding
solution. If the cluster is compact, then those water molecules, which are on the outer
surface of the cluster are not visible by SANS, while dynamically they still can be
attached to the solute-rich clusters.
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8.1. Experiments
1H NMR experiments on aqueous solutions of 3-methylpyridine have been performed in
collaboration with M. Bokor at the KFKI, Budapest. The concentrations used were the
same as those for the QENS experiments: 2, 8.4 and 25 mol% methylpyridine in water
and in heavy water. The measurements were performed over a temperature range 250 -
350 K. The proton spin-lattice relaxation rates 1H R1 were measured on a Bruker SXP
4-100 spectrometer at ν0 = 86.68 MHz by using inversion recovery method. The stability
of the frequency and magnetic �eld was better than ±1 × 10−6. The temperature was
controlled with precision better than 1 K by using nitrogen gas �ow.

For all samples and at all temperatures the recovery of magnetization was found to
exhibit a single exponential behavior, and the relaxation rate was determined by least
squares �tting.

8.2. Results
The relaxation rates R1 measured in the liquid phase of the six samples are shown
in Figure 8.1. Above 310 K all solutions show an Arrhenius type behavior, with the
possible exception of the data for the 8.4 mol% 3MP � D2O sample, for which the points
scatter around the straight line. Activation energies in the solutions were determined
by applying the Arrhenius law (Table 8.1).

Table 8.1.: Activation energies of the methyl group rotation (Ea) in 3MP � H2O and D2O
solutions, obtained from 1H spin-lattice relaxation rate data at T > 310K.

X3MP Ea (kJ/mol)
3MP�H2O 3MP�D2O

0.02 17.8 ± 0.2 18.3 ± 0.4
0.084 18.3 ± 0.6 20.0 ± 1.2
0.25 19.1 ± 0.5 18.7 ± 0.2
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Figure 8.1.: 1H spin-lattice relaxation rates in 3MP � D2O (upper graph)
and 3MP � H2O (lower graph) solutions. Size of symbols are of about the
measurement error. Solid lines are �ts used for activation energy deter-
mination using data at T > 310K; dashed lines are extrapolation to lower
temperature.
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In the heavy water solution there are two types of hydrogen atoms which can con-
tribute to the NMR signal: the protons of the pyridine ring and the protons of the methyl
group. It is possible to distinguish their contribution to the observed NMR signal. The
motions of the ring protons are substantially slower than the rotational motions of the
methyl group protons. Hence the observed activation energy can be attributed to the
methyl group rotation in the picoline.

In the light water solutions both the reorientational motions of the methyl group and
the mobility of the hydrogen of water contribute to the measured relaxation. As the
spectra did not show the presence of two relaxation processes having di�erent times, it
is more di�cult to attribute the observed relaxation to one of the two species. Most
probably both water and the methyl group show nearly similar relaxation rate, which
becomes lower with increasing the picoline concentration (Figure 8.1, lower part).

The activation energies (Ea) observed in light and heavy water solutions containing
2 and 25 mol% picoline are found to be equal within the errors of measurement. Thus
the activation energies obtained both in the light water and heavy water solutions can
be considered as being characteristic of the reorientational behavior of the methyl group
of 3MP molecules. It is worth noting that the activation energy of pure water, equal to
18.3 kJ/mol at 25◦C [90], is very close to the observed activation energies of the methyl
group reorientation in the solution.

The x1 = 8.4 mol% solution of 3MP in heavy water undergoes a phase separation in
the measured temperature range (above 38.5◦C, [27]) so the �tted Ea can represent only
an average for the motions in the two phases. This can be seen on the high uncertainty
of the calculated activation energy Ea, as well as on the larger deviations of the R1(1/T )
data from linear behavior (see Fig. 8.1).

The activation energies (Table 8.1) are similar at di�erent concentrations, however a
slightly increasing trend with increasing 3MP concentration cannot be excluded. The
precision of the present NMR data are not su�cient to prove such behavior, though the
possible hindering of the methyl group rotation can be related to the slowing down of
all motions in the more concentrated solutions.
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9. Summary of the results
We carried out experimental structural and dynamic studies of aqueous solutions of
methyl-substituted pyridines. The work has been stimulated by the increasing demand
to understand the behavior of liquid mixtures in general, the relations between the
mixing behavior and the structure of the components and the structure of the mixture
at atomic or molecular level.

The aqueous solutions of methylpyridines are a particular class of aqueous solutions
of small organic molecules having both hydrophilic and hydrophobic parts. Among such
solutions a non-ideal mixing behavior composition inhomogeneity can often be observed,
and it is expected that these processes can be understood on the same basis for the aque-
ous solutions of di�erent organic molecules. We have chosen methylpyridine solutions
because they have been studied by thermodynamic and by quantum chemistry methods.
We compared the aggregation behavior of several members of this group in order to �nd
some correlation between the strength of aggregation and some characteristic parameters
of the solute molecules, like their geometry or electronic con�gurations.

The results of our investigations have been presented in papers [23, 57, 91, 92, 93, 94],
they are summarized below.

We used small-angle neutron scattering to look for the local order in the solu-
tions, and analyzed the experimental data by using the Kirkwood-Bu� theory. Some
information has been obtained on the structural arrangements of the molecules in the
solution. As the small-angle scattering is a low-resolution technique, we did not have
the possibility to investigate the structure at the molecular level, so the geometry of
the pairwise intermolecular interaction remains uncovered. The main numerical results
concern the various parameters that characterize the clustering, which is present in the
solutions. They can be divided into two classes:

The �rst is a length parameter, which characterizes the extension of the clustering in
a direct way, that is the correlation length of the concentration �uctuations. We found
that in all the studied systems the inhomogeneous distribution of the two components
extends to sizes of some nanometers, and the closer is the mixture to the phase sep-
aration in the composition-temperature phase diagram, the larger is the extension of
the inhomogeneities. This is in accordance to the existing theories describing the phase
separation as a phase transition, in which the characteristic parameters (length and
amplitude of the �uctuations) increase up to in�nity approaching the phase separation.

The second class of parameters obtained with the help of the small-angle scattering are
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parameters related to the zero-angle limit of the scattering intensity, that is proportional
to the integral of the pair correlation function over the whole space. These parameters
give quantitative information about the number of molecules of one species in the vicinity
of an arbitrarily chosen molecule of the same or di�erent species. These quantities are
related to the thermodynamic state of the mixture, they can characterize the degree of
the non-ideality, and the closeness of the given state of the mixture to the macroscopic
phase separation.

In the following we list some questions which have been investigated and partially
answered by the use of small-angle scattering data.

1. In aqueous solutions of methyl-substituted pyridines we observed very high values
of the parameters related to the non-ideality of the mixture: In e�ect, the �uctuation
terms and the Kirkwood-Bu� integrals are by an order of magnitude higher in the
methylpyridine and dimethylpyridine solutions, than those in any other earlier reported
mixture. These numbers, together with the di�erence between the local concentrations
for the solute-rich and the solvent-rich regions show that these solutions are highly
structured in terms of thermodynamic equilibrium between the two types of di�erent
domains that are rich in solute and rich in solvent.

The presence of relatively large domains with di�erent composition contradicts to the
hypothetical clathrate-like structure suggested in these solutions based on the temper-
ature behavior of the compressibilities [37, 38]. The increase of the inhomogeneities
raising the temperature is neither consistent with the supposed stable structure of the
solutions having 0.04 mole fractions of methylpyridine.

2. We calculated Kirkwood-Bu� integrals for several solutions by two methods: 1.
using only thermodynamic data (compressibility, partial molar volumes, molar volume,
Gibbs free energy of mixing), and 2. using zero-angle neutron scattering intensities
instead of the Gibbs free energy data. We observed that in many cases, for those
systems which are far from ideal mixing, calculations using the Gibbs free energy data
derived from vapor pressure measurements failed. We did not analyze the sources of the
errors at the origin of the inconsistency of the free energy data reported in the literature.
However it can be suggested that the precision of these data are limited mainly by the
accuracy of the standard experimental techniques. We used thermodynamic data for
di�erent solutions, published by Abe, Nakanishi et. al. [36], and found that for those
systems in which the degree of non-ideality is moderate (water � pyridine in our case),
the agreement between the KBIs calculated by the two methods was rather good. For
systems with pronounced deviations from ideal mixing, the vapor pressures measured
by the same authors using the same technique (probably with same precision) lead to
erroneous excess free energy values that could not be used further. So for such systems
it is preferable to use the experimental values of zero-angle scattering intensity instead
of the excess free energies calculated from vapor pressure measurements.
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A similar analysis has been recently published [59], comparing the KB integrals in
water � alcohol mixtures obtained by using thermodynamic data and X-ray scattering
data. For these systems, which deviate much less from the ideal mixing, the two methods
gave identical results.

These �ndings suggest that the scattering techniques are well adapted for studying
the mixing behavior in strongly non-ideal mixtures. Small-angle neutron scattering
(SANS) is in particular a useful tool, as it allows one to vary the contrast between the
components by isotopic substitution. Thus, for aqueous solutions of organic molecules
one can use heavy water as solvent, in order to increase the contrast between the two
species. For multicomponent mixtures, the protiated and deuterated molecules of one
of the components can be mixed so as to obtain similar scattering length density with
the second species, thus only the distribution of the third one will be seen in the SANS
measurement. Additionally, the scattering techniques give also information about the
spatial distribution of the inhomogeneities in the mixtures, which cannot be obtained
from thermodynamic data only.

3. The analysis of the excess numbers of molecules in the vicinity of a central one gave
evidence, that in all studied solutions of methyl-substituted pyridines strong clustering
of the same species occurs. These �ndings can be interpreted in the following way. Two
mechanisms of hydrophobic interaction are usually considered in the literature:

According to the �rst one, in the so-called "solvent-separated" interactions the solute
molecules are separated from each other by a layer of water molecules. The origin of
these repulsive forces is probably the stable hydrogen-bonded layer which surrounds a
hydrophobic solute molecule. When another water-coated solute molecule comes close,
the water layer prevents the direct contact between them. This type of solution structure
has its analog in the crystalline phase. Many aqueous solutions of organic molecules
freeze forming crystal hydrates, in which the solute molecules are placed in large cages
consisting of 20 to 40 water molecules.

The second possibility are the attractive contact-pair solute-solute interactions, which
can be due to direct attraction or by the simple hydrophobic e�ect, when the hydrophobic
solute is pushed out from the hydrogen-bonded water network. This mechanism leads
to the appearance of more or less compact solute aggregates, and of solute-free water
regions.

The large values of the excess numbers found in the methylpyridine - water solutions
are in favour of this second picture.

4. The results of the SANS investigations showed the general trend of the mixing
behavior in these solutions: The degree of non-ideality is similar to the tendency to
phase separate, it increases as more methyl groups are attached to the pyridine ring.
Comparing the degrees of non-ideality in solutions of the three mono-methylsubstituted
pyridines no clear relation could be found between the miscibility behavior and the
strength of the hydrogen bond between a water and a methylpyridine molecule, neither
between the miscibility behavior and the closeness to phase separation of the mixture.
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The mechanism of the hydrophobic interaction still remains to be not fully understood
at the level of molecular interactions.

5. The absence of aggregation of methylpyridine in non-polar and no hydrogen-
bonding CCl4 and CS2 solvents indicates the essential role of the water in enforcing
the aggregation of the solute molecules and inducing the macroscopic phase separation
in some cases. It is interesting to note that in a similar SANS study of tetramethylurea
(TMU) dissolved in CS2 [95] the aggregation of the TMU was seen to be as strong as
in aqueous solution, but did not show any temperature dependence. No tendency to
macroscopic phase separation is known for that mixture.

Another aim of the SANS studies was to measure the pairwise solute-solute interaction,
which can in principle be detected in experiments with very low solute concentrations.
However the limitations of the technique � the low signal-to-noise ratio and the limited
structural resolution prevented us to obtain valuable information on this level.

Quasielastic neutron scattering (QENS) studies on aqueous solutions of 3-
methylpyridine showed that with increasing solute concentration the di�usional motions
of both components slow down, and at the highest solute concentration studied the
di�usion coe�cients of both components become similar. We attributed this e�ect to
the strong coupling between the dynamics of the two species.

We interpreted the decrease of the average mobility of the water by assuming the
presence of two kinds of water in the mixture: one which behaves like bulk water, and
a second one, which is coupled to the solute molecules. The proportion between the
"free" and "bound" water suggests that the bound (less mobile) water molecules can be
attached to the outer part of the clusters consisting mainly of methylpyridine molecules,
at least for less then 50 picoseconds, the time scale of the QENS measurements.

This picture is consistent with the results of SANS measurements, according to which
the clusters are composed mainly by methylpyridine molecules, and are surrounded by
bulk water or a very dilute MP solution. A similar character of the distribution of water
molecules was suggested in a recent simulation study on propanol aggregation in aqueous
solution, based on results of small-angle neutron scattering measurements [96].

By NMR technique we investigated the dynamics of 3MP solutions in the liquid
state. In all solutions the relaxation mechanism showed a single exponential behavior,
independently of the solute concentration. This means that the relaxation times of the
water proton motions and that of the methyl group rotation are equal or at least very
close to each other. The values of the activation energy obtained for methyl group
reorientation are very close to the activation energy for self-di�usion in pure water. This
can mean that the dynamical behavior of the water and that of the solute are correlated,
the rotation of the methyl group can take place only by disturbing or rearranging the
surrounding water shell.

The increase of the activation energy of the methyl group motion with the solute
concentration can be related with two e�ects:
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1. In the dilute solutions most of the MP molecules are surrounded by a water shell.
The sharp hindrance of the water motion with increasing solute concentration must also
slow down the methyl reorientation.

2. In the concentrated solutions a part of the MP molecules are in contact with
neighboring MP molecules. This certainly causes some slowing of the dynamics of some
of the methyl groups present in the solution. Eventually there can exist a hydrogen
bonding type interaction between the methyl protons and some sites of the neighboring
methylpyridine molecule, as it seems to be the case in the crystalline states of the pure
2-methylpyridine and 3-methylpyridine.

The most important observation made by NMR is that the dynamics of the water and
the methyl group are strongly connected. It suggests that the mixing behavior in the
methylpyridine solutions has mainly hydrophobic character, and the anomalous mixing
of the aqueous solutions of picolines could be partly related to the dynamics of the water
hydrate shell surrounding the hydrophobic part of the solute molecule.

How can our �ndings for these particular systems be generalized to other aqueous
solutions?

One of the main questions about the behavior of aqueous solutions of hydrophobic
molecules is the question whether the interaction between the solute molecules is direct
or induced by the solvent.

We found that in the case of aqueous solutions of methylpyridine the solute aggregation
is very strong, while in other solvents we found no signs of aggregation. The increase
of temperature promotes the methylpyridine aggregation in the aqueous solution, it can
be suggested that the interaction is related to the mobility of the water molecules. On
the other hand, in the case of aqueous and non-aqueous solutions of tetramethylurea
studied earlier, the behavior is similar in water and in an apolar solvent such as carbon
disul�de � the TMU molecules do aggregate. The role of the solvent is not fully clear
in the aggregation: in aqueous solutions the interaction increases with the rise of the
temperature, while in carbon disul�de the aggregation was found to be temperature-
independent in the studied temperature range. The di�erent temperature behavior in
the two solvents can be explained by the role of the mobility of the solvent molecules in
facilitating the solute � solute interactions.

According to the old theory of Hirschfelder [3], the demixing in a binary mixture by
elevating the temperature is caused by the presence of stable, directional pair interac-
tions between the two types of molecules. Such an interaction in our case is the hydrogen
bonding between the nitrogen atom of the pyridine ring and the water molecule. Ac-
cordingly, the highly non-ideal behavior of aqueous methylpyridine solutions is seen to
be dominated by the presence of this hydrogen bond: dissolving methylpyridine in car-
bon disul�de or carbon tetrachloride such directional bonds between the solute and the
solvent are absent, correspondingly there is no sign of phase separation.
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In the case of tetramethylurea the situation is di�erent: the demixing tendency can
be observed both in aqueous and non-aqueous solutions, and no strong hydrogen bonds
can form between the two components. Therefore the interaction responsible for the
aggregation of TMU can be the usual hydrophobic attraction in the aqueous solutions,
and a similar type of direct or solvent-induced attractive interactions between the TMU
molecules in the carbon disul�de solutions.

There are few experimental studies of solutions in the literature which deal with the
solute � solute or solute � solvent interaction by direct methods like scattering techniques
(e. g. [95, 97, 98]), there is not enough knowledge gathered so far to explain fully the
behavior in liquid mixtures. We hope that the present work can contribute in some
extent to the development of this obviously important �eld of the science.

93



10. Perspectives
The work carried out showed us some directions in which further research can be con-
tinued. We try to describe some possibilities.

A relatively large number of aqueous solutions has been investigated by means of the
Kirkwood-Bu� approach based on thermodynamic data [58, 62], the deviations from the
ideal mixing behavior were expressed through the behavior of the �uctuation terms and
the Kirkwood-Bu� integrals. Information concerning the concrete mechanism that can
be responsible for the pronounced deviations from the ideality, seems to be absent in the
KB integrals. The reason for that is simple � the KBIs re�ect only the average structure
of the solution and do not depend explicitly on the pairwise interactions.

We feel however that some progress can be achieved in extracting more information
from the Kirkwood-Bu� integrals. It is known that the KBIs are reduced to the second
virial coe�cients of the solute molecules at high dilution. By measuring the KBIs at
very low solute or solvent concentration we can calculate parameters that characterise
the pairwise interaction between two solute or two solvent molecules. The di�culties
are mainly of experimental character: for most of mixtures, at very low concentrations,
it is practically impossible to obtain the derivatives of the free energy, or to measure the
small-angle scattering signal. One should search therefore for such liquid mixtures, in
which the small-angle scattering can be measured with su�cient precision. The criteria
are the following: the two species must have high contrast for neutrons or X-rays; the
solute molecules must be su�ciently large so that the scattering by one molecule or
an aggregate can be seen and distinguished; and the association tendency has to be
strong and has to set up at very low concentrations, at which the small-angle scattering
is free from the interference caused by the presence of neighboring solute particles or
aggregates.

In this way the Kirkwood-Bu� integrals can furnish information about the intermolec-
ular interactions as well: at the in�nite dilution limit the KBIs reduce to the second virial
coe�cients, so from their exrapolated values the e�ective pairwise interactions can be
determined.

It is suggested by some authors [46, 99, 100], that the mixing behavior of binary aque-
ous solutions can be described by di�erent mixing schemes which are characteristic for
di�erent composition intervals. These schemes switch on and o� at some characteristic
concentrations. There are so far only indirect indications for the presence of such be-
havior: the sudden changes in the concentration dependence of the second and higher
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order derivatives of the thermodynamic quantities suggest the change of the mechanism
of the mixing. In order to obtain more information about the di�erent mixing schemes it
can be useful to perform small-angle scattering measurements with substantially smaller
steps in concentration. It would allow one to follow the structural changes by scattering
techniques, and eventually show the structures of the aggregates formed in the mixture.

Some further progress can be made extending the power of small-angle neutron scat-
tering to provide information on the structure of the mixtures. In our analysis, we did
not fully use all the information given in the amplitude of the small-angle scattering
intensity and the correlation length. The di�culty was the unknown structural model of
the solution, which has to correspond to the measured intensity distribution. It should
be possible to construct such a model using an analytical form of the scattering length
distribution, which is in agreement with the given sample composition and contains sev-
eral adjustable parameters. In this way the structure can be obtained by �tting the
experimental data to the model equation.

Alternatively, it is possible to construct a real-space model of the mixture by dis-
tributing molecules of the two species in a very large simulation box, large enough to
be used for comparison with the small-angle scattering measurement. It is not possi-
ble to handle such big simulation boxes with the usual computer simulation methods,
therefore some tricks, some simpli�cation must be used for matching the measurement
with the modeled scattering intensity. For example, the simulations could be performed
in lattice space, or a change of positions of two distant (nonsimilar) molecules can be
allowed as well, it can lead to a much faster development of inhomogeneous structure
in the simulation box. The resulting molecular con�gurations can hopefully give some
idea about the distribution of the two species in the real mixture. Such an attempt has
been recently presented by Misawa [96].
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