
SOFT MATTER

1108 ISSN 2071-0186. Ukr. J. Phys. 2015. Vol. 60, No. 11

doi:

L.A. BULAVIN,1 V.YA. GOTSULSKIY,1 N.P. MALOMUZH,2 M.V. STIRANETS 2

1 Taras Shevchenko National University of Kyiv, Faculty of Physics
(4, Academician Glushkov Ave., Kyiv 03127, Ukraine; e-mail: vygot@onu.edu.ua)

2 I.I. Mechnikov National University of Odessa, Faculty of Physics
(42, Pasteur Str., Odesa 65026, Ukraine)

REFRACTOMETRY OF WATER–ETHANOL
SOLUTIONS NEAR THEIR CONTRACTION POINTPACS 82.60.Lf, 61.20.Lc

The concentration dependences of the refractive index in aqueous ethanol solutions at equi-
librium have been studied experimentally. Special attention was paid to their behavior in a
vicinity of the peculiar point defined as the intersection point of the concentration dependences
of the contraction measured at different temperatures or as a point, at which the intensity of
molecular light scattering has a maximum. The refractive index is found to noticeably deviate
from its reference values in a vicinity of the peculiar point, 0.05 < 𝑥 < 0.1 (𝑥 is the mole
fraction of ethanol). This effect reflects the fact that the equilibrium properties of the solu-
tions concerned are established only during a few weeks. Arguments that the system becomes
microinhomogeneous in this concentration interval are presented.
K e yw o r d s: water-alcohol solutions, refractive index, microinhomogeneous structure.

1. Introduction

The analysis of the behavior of the contraction and
the molecular light scattering in dilute aqueous alco-
hol solutions [1–4] showed that, in the interval 0.05 <
< 𝑥 < 0.1 of the alcohol mole fraction 𝑥, there
emerges a region of special thermodynamic states. In
this region, the curves describing the concentra-
tion dependences of the contraction at various tem-
peratures intersect at the single, so-called special,
point. The intensity of molecular light scattering in
a vicinity of this point increases by an order of mag-
nitude and even more [5–7]]. This fact testifies that
the solution becomes unstable in a vicinity of the spe-
cial point, so that the degree of optical inhomogeneity
considerably increases. In works [8–10], it was found
that the size of those inhomogeneities varies from 100
to 1000 Å. The assumption about their formation
is also supported by arguments presented in works
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[2, 4]. Namely, it was shown that the special point
of the solution can be associated with the arrange-
ment of water molecules around alcohol ones in the
form of monomolecular layers. A solution with such a
distribution of molecules has the entropy minimum,
which stimulates its transition into the microinhomo-
geneous state. In other words, in the solution with
the homogeneous distribution of water and alcohol
molecules, there appear microregions with a slightly
different type of the local structure or droplets of a
metastable phase [11]. Their existence allows the re-
sults of experiments [8–10] and computer calculations
[12] to be explained in a natural way.

In this work, the results of the research dealing with
the refractive index in the aqueous ethanol solutions
are reported. We proceeded from the fact that the
refractive index is determined by the polarizabilities
of various orders: one-particle, two-particle, and so
on. As will be shown below, the account for only low-
order contributions results in a regular concentration
dependence of the refractive index at various tem-
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peratures. At the same time, if mesoscopic nuclei are
formed in the system, the regular character of the
concentration dependence of the refractive index has
to be violated. As will be demonstrated below, ap-
preciable deviations of the refractive index from its
regular dependence are observed just in a vicinity of
the special point.

2. Concentration Dependence
of the Refractive Index

The refractometry method is traditionally classed
to express methods for the analysis of a concentra-
tion in solutions, including aqueous ethanol ones [13–
15]. Despite that, the available reference data are or-
ganized, as a rule, in the form of tables with a con-
centration step of 0.05 times the mass fraction [14].
Extrapolation dependences for the optical refractive
index are also used; for example [16],

𝑛𝑟 = 1+(0.3336+0.1239𝐶1+0.081𝐶2)
𝜌

𝜌𝑊 (4 ∘C)
, (1)

where 𝐶1 and 𝐶2 are the ethanol and methanol, re-
spectively, mass fractions in a ternary aqueous solu-
tion; and 𝜌 and 𝜌𝑊 are the densities of the solution
and water, respectively. Note that formula (1) satis-
factorily describes experimental data only at concen-
trations 𝑥 < 0.1. In a wider concentration interval,
the dependence of the refractive index is nonlinear.

Below, the measurements of the refractive index
in aqueous ethanol solutions are confined to the con-
centration interval 0 < 𝑥 < 0.2. The refractive index
will be designated as 𝑛𝑟, and the particle concentra-
tion as 𝑛. An aqueous solution of ethanol was studied,
which had been stored after the preparation for not
less than two weeks. In agreement with the results of
work [17], this time interval is required for an equi-
librium state to be established in the solution. The
procedure of solution storage for a few weeks is im-
portant for the aqueous solutions of all alcohols as
well. The measurements were carried out on a refrac-
tometer IRF-22 with an error of ±2× 10−4.

In Fig. 1, the comparative behavior of the con-
centration dependences of the refractive index ob-
tained in our measurements (curve 1 ) and plotted
using the reference data [14, 16] (curve 2 ) at 17 ∘C
is shown. One can see that, at concentrations 0 <
< 𝑥 < 0.05 and 𝑥 > 0.1, our results completely
coincide with the reference ones. At the same time,
in the concentration intervals 0.05 < 𝑥 < 0.08 and

Fig. 1. Dependences of the refractive index in the aqueous
ethanol solution on the alcohol mole fraction at 17 ∘C: (1,
crosses) results of our measurements, (2, triangles) reference
data [14,16]. The cross size corresponds to the maximum mea-
surement error

Fig. 2. Difference between the measured values of refractive
index in the aqueous ethanol solutions and the reference data
in a vicinity of the special point [14, 16]

0.08 < 𝑥 < 0.1, deviations are observed with a mag-
nitude substantially exceeding the measurement er-
ror. The character of deviations of the experimental
data from the reference ones is illustrated more spec-
tacularly in Fig. 2.

The measurements of the refractive index in solu-
tions that were not stored for a long time revealed
the same effect, but the corresponding dependences
changed with the time interval passed after the so-
lution preparation. The relevant results will be pub-
lished elsewhere. It is evident that a non-trivial char-
acter of the concentration dependence of the refrac-
tive index cannot be explained in the framework of
the ideas used for the description of properties of so-
lutions homogeneous on the microscopic scale. This
issue will be discussed in the next section.
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3. Refraction of Light
in Water–Alcohol Solutions

The dielectric permittivity 𝜀 of a homogeneous
isotropic system is defined by the following general
expression:

𝜀− 1

𝜀+ 2
=

4𝜋

3

𝑃

𝐸0
, (2)

where 𝑃 is the component of the polarization vec-
tor P directed along the homogeneous external field
strength E0. In homogeneous and isotropic fluids,
P||E0, and the polarization vector has the structure

P =
1

𝑉

(︂
⟨←→𝛼 𝑁 ⟩+

𝛽

3
⟨D2

𝑁 ⟩
←→
𝐼

)︂
𝐸0, (3)

where ←→𝛼 𝑁 and D𝑁 are the polarizability and the
dipole moment, respectively, of an 𝑁 -particle system;
𝑉 is its volume; 𝛽 = 1/𝑘B𝑇 ;

←→
𝐼 is an isotropic tensor,

and ⟨...⟩ means the averaging over the positions and
orientations of molecules.

In the two-particle approximation, the polarizabil-
ity of the system is determined by the expression

←→𝛼 𝑁 =

𝑁∑︁
𝑖=1

←→𝛼 (1)
𝑖 +

∑︁
1≤𝑖<𝑗≤𝑁

←→𝛼 (2)
𝑖,𝑗 + ..., (4)

where the subscripts indicate the polarizability or-
der: one-particle, two-particle, and so forth. Note
that Prof. I.Z. Fisher was the first who expanded the
polarizability of a system into partial contributions;
however, unfortunately, his result has not been pub-
lished.

The average one-particle contributions are identical
and well-known,

<←→𝛼 (1)
𝑖 >⇒ 𝛼(1)←→𝐼 , 𝛼(1) =

1

3
Sp←→𝛼 (1)

1 , (5)

where Sp means the calculation of the matrix trace.
At the same time, the behavior of two-particle con-
tributions was practically not discussed in the litera-
ture. Therefore, let us consider, in brief, some of their
important properties. The tensor of two-particle po-
larizability has an especially simple form for noble
gases. It is possible to show that, in this case, the
following estimate is valid:

1

3
Sp←→𝛼 2(𝑟12) ≈ 4

𝛼3

𝑟612

1

1− 𝛼
𝑟312
− 2𝛼2

𝑟612

, (6)

where 𝛼 is the one-particle polarizability. For the
distance 𝜎 for the direct contact between spherical
atoms, we find

1

3

Sp←→𝛼 2(𝜎)

𝛼(1)
≡ 𝛼(2)(𝜎)

𝛼(1)
≈ 0.01. (7)

It is easy to see that the average value of two-particle
contributions for a homogeneous isotropic system is
determined by the expression

⟨←→𝛼 2(𝑟𝑖𝑗)⟩ = ⟨←→𝛼 2(𝑟12)⟩ = 𝛾(2)←→𝐼 ,

𝛾(2) =
1

3𝑉

∫︁
𝑉

Sp←→𝛼 2(𝑟12)𝑔(𝑟12)𝑑r2,
(8)

where 𝑔(𝑟12) is the binary distribution function. Ac-
cording to Eq. (6),

Sp←→𝛼 12(𝑟12)𝑔(𝑟12) =

{︃
0, 𝑟12 < 𝜎,
𝐾/𝑟612, 𝑟12 > 𝜎,

𝐾 = 4𝛼3. (9)

Therefore,

𝛾(2) ≈ 1

𝑉

4𝜋

3
𝜎3𝛼(2)(𝜎). (10)

From whence, it follows that, in the two-particle ap-
proximation,

⟨←→𝛼 𝑁 ⟩ =
←→
𝐼 𝑉 𝑛

[︂
𝛼(1) +

1

2
𝑧𝛼(2) + ...

]︂
, (11)

where

𝑧 =
4𝜋

3
𝜎3𝑛 (12)

is the number of the nearest neighbors. Combining
Eqs. (2), (3), and (11), we obtain the following re-
lation for the dielectric permittivity of noble gases
𝜀 = 𝑛2

𝑟:

𝑛2
𝑟 − 1

𝑛2
𝑟 + 2

=
4𝜋

3
𝑛

[︂
𝛼(1) +

1

2
𝑧𝛼(2) + ...

]︂
. (13)

The contributions of the electronic polarizabilities of
water and alcohol molecules have the same structure
and the same order of magnitude.

The contribution generated by fluctuations of the
dipole moments of water and alcohol molecules can
be presented in the same form. However, with an ac-
ceptable accuracy, this contribution can be neglected
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at visible light frequencies. Therefore, the refractive
indices of pure water and alcohols are described by
formulas of type (13).

The role of two-particle contributions to the po-
larizability turns out considerably smaller in compar-
ison with one-particle ones. At the same time, the
former are not small enough to be neglected. For in-
stance, in order to reproduce the experimental values
for water refractive index, we have to put 1

2𝑧𝛼
(2)(𝜎) ∼

∼ 1
70𝛼

(1). Then, at 𝑧 = 4, we obtain the estimate
𝛼(2)(𝜎)/𝛼(1) ≈ 0.01, which practically coincides with
estimate (7) (it is accepted that 𝛼(1)

𝑤 = 1.45 Å3 [14]).
A similar expression can be written for a microho-

mogeneous mixture of molecules of two kinds,

𝑛2
𝑟 − 1

𝑛2
𝑟 + 2

=
𝑛2
𝑟(𝑤)− 1

𝑛2
𝑟(𝑤) + 2

+
4𝜋

3
𝑛(𝑥)

[︂
(1− 𝑥)𝛼(1) + 𝑥𝛼

(1)
2 +

+
1

2
𝑧
(︀
(1−𝑥)2𝛼(2)

11 +2(1−𝑥)𝑥𝛼(2)
12 +𝑥2𝛼

(2)
22

)︀
+ ...

]︂
. (14)

In this case, the concentration dependence of the
refractive index has a regular character. At low con-
centrations and the neglect of two-particle effects, the
refractive index is described by the expression

𝑛2
𝑟 − 1

𝑛2
𝑟 + 2

=
𝑛𝑟(𝑤)

2 − 1

𝑛2
𝑟(𝑤) + 2

+
4𝜋

3
𝑥𝑛𝑤

[︂
𝛼(1)
𝑎 − 𝛼(1)

𝑤 +

+
𝑏

𝑛𝑤

(︂
𝛼(1)
𝑤 +

1

2
𝑧𝛼(2)

𝑤

)︂
+ 𝑧(𝛼(2)

𝑎𝑤 − 𝛼(2)
𝑤 )

]︂
+ ..., 𝑥≪ 1,

(15)

where 𝑏 is a coefficient defined by the equation 𝑛(𝑥) =
= 𝑛𝑤 + 𝑏𝑥+ ..., and

𝑛2
𝑟(𝑤)− 1

𝑛2
𝑟(𝑤) + 2

=
4𝜋

3
𝑛𝑤

[︂
(1−𝑥)𝛼(1)

𝑤 + 𝑧𝑤
1

2
𝛼(2)
𝑤 + ...

]︂
. (16)

At low concentrations, 𝑛𝑟 differs from 𝑛𝑟(𝑤) by the
small quantity Δ𝑛𝑟, for which we obtain the following
equation from Eqs. (11) and (12):

Δ𝑛𝑟(𝑥) = 𝑥
(𝑛2

𝑟(𝑤) + 2)2

6𝑛𝑟(𝑤)

[︂(︂
𝑏

𝑛𝑤
− 1

)︂
𝑛2
𝑟(𝑤)− 1

𝑛2
𝑟(𝑤) + 2

+

+
𝑛𝑤

𝑛𝑎

𝑛2
𝑟(𝑎)− 1

𝑛2
𝑟(𝑎) + 2

+ 𝑧

(︂
𝛼(2)
𝑎𝑤 −

1

2
𝛼(2)
𝑎 +𝛼(2)

𝑤 )

)︂]︂
+ ... . (17)

The concentration dependence of the refractive in-
dex 𝑛𝑟 in a microhomogeneous solution calculated ac-
cording to formula (14) or (17) at 𝑥 < 0.1 is shown

Fig. 3. Dependences of the refractive index 𝑛𝑟 in the aqueous
ethanol solution on the alcohol mole fraction at 20 ∘C: tabu-
lated data from work [14] (1 ), calculation by formula (17) (2 )

in Fig. 3. The last term in Eq. (17) gives a contri-
bution less than 0.001 in accordance with the es-
timations made above. The parameter 𝑏 = −6.4×
× 1022 cm−3. The comparison with experimental data
presented in Fig. 1 brings us to a conclusion that
the aqueous solution becomes microinhomogeneous at
the concentrations 0.06 < 𝑥 < 0.1. More specifically,
there emerge mesodroplets, in which the concentra-
tion of alcohol molecules differs a little from that in
the surrounding solution. The effective refractive in-
dex 𝑛eff in a microinhomogeneous medium is deter-
mined by the formula [19, 20]

𝑛2
eff(𝑥|𝑠)− 𝑛2

𝑟(𝑥|𝑎)
𝑛2
eff(𝑥|𝑠) + 2𝑛2

𝑟(𝑥|𝑎)
=

𝑛2
𝑟(𝑑)− 𝑛2

𝑟(𝑥|𝑎)
𝑛2
𝑟(𝑑) + 2𝑛2

𝑟(𝑥|𝑎)
𝜁 + ..., (18)

in which 𝑛𝑟(𝑑) and 𝑛𝑟(𝑥|𝑎) are the refractive in-
dices in the new-phase nuclei and in the surround-
ing solution, respectively; and 𝜁 = 𝑉𝑁

𝑉 is the volume
fraction occupied by the nuclei. It should be noted
that the nucleation induces a redistribution of alco-
hol molecules and gives rise to a deviation of the al-
cohol concentrations from the initial values in both
the nuclei and their environment.

Since the properties of nuclei and their environ-
ment are close to those of the equilibrium (microho-
mogeneous) phase, formula (14) can be substantially
simplified. Let

𝑛eff(𝑥|𝑠) = 𝑛𝑅(𝑥) + Δ𝑛eff(𝑥|𝑠),
𝑛𝑟(𝑑) = 𝑛𝑅(𝑥) + Δ𝑛𝑑(𝑥2),

𝑛𝑟(𝑥|𝑎) = 𝑛𝑅(𝑥) + Δ𝑛𝑟(𝑥1),

(19)

where 𝑛𝑅(𝑥) is a refractive index value found for
the given concentration, by using the approxima-
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Fig. 4. Dependences of the turbidity of aqueous ethanol so-
lutions on the ethanol mole fraction obtained by the relative
method: in a day (a) and in a week after solution prepara-
tion (b)

tion curve (1 ), Δ𝑛eff(𝑥|𝑠) is the experimentally de-
termined deviation from 𝑛𝑅(𝑥), Δ𝑛𝑑(𝑥2) = 𝑛𝑅(𝑥+
+𝑥2) − 𝑛𝑅(𝑥), and Δ𝑛𝑟(𝑥1) = 𝑛𝑅(𝑥 + 𝑥1)−
−𝑛𝑅(𝑥). Here, the refractive indices of the solution
inside and outside the nuclei are determined by the
approximation curve (1 ) with shifted concentration
values (the shift magnitudes 𝑥1 and 𝑥2 depend on
𝑥). It is easy to be convinced that Δ𝑛eff(𝑥|𝑠) is de-
termined by the equation

Δ𝑛eff(𝑥|𝑠) = 𝐴 [𝑥1(𝑥) + 𝜁(𝑥)(𝑥2(𝑥)− 𝑥1(𝑥))] + ...,

(20)

where 𝐴 = 𝑑𝑛𝑟(𝑥)
𝑑𝑥 is a constant at low concentrations.

The complete solution of the problem concerned is
rather laborious. It includes the calculation of ther-
modynamic potentials in the competing phases and
the analysis of conditions for their equilibrium at var-
ious concentrations. At the same time, the charac-
ter of solutions, as follows from experimental data,
is simple. With the accepted accuracy, the surplus
Δ𝑛eff(𝑥|𝑠) to the effective refractive index equals zero
at the points 𝑝𝑖 and 𝑞𝑖 (𝑖 = 1, 2, ...), and the functions
𝑥1(𝑥), 𝑥2(𝑥), and 𝜁𝑖(𝑥) can be approximated by sim-
ple polynomials:

𝑥𝑖(𝑥) = 𝑟𝑖(𝑥− 𝑝)(𝑥− 𝑞𝑖),

𝜁𝑖(𝑥) = 𝑠𝑖(𝑥− 𝑝𝑖)(𝑥− 𝑞𝑖),

𝑖 = 1, 2.

(21)

The values for 𝑟𝑖 and 𝑠𝑖 can be determined, by using
the least-squares method.

It should be noted that, for the conservation law
of particle number to be not violated, there must be
𝑟1 < 0 and 𝑟2 > 0.

4. Discussion of the Obtained Results

Let us compare the experimentally obtained pecu-
liarity in the refractive index behavior with the pe-
culiarities in the intensity of molecular light scatter-
ing [21, 22] and the contraction behavior [1–4]. As
one can see, the center of the concentration inter-
val, in which the behavior of the refractive index
is unusual, coincides with the position of the spe-
cial point for the aqueous ethanol solution. We recall
that this point is defined as the intersection point
of curves describing the concentration dependences
of the contraction at various temperatures [1] or as
a location point of the anomalous maximum in the
intensity of molecular light scattering [6]. According
to the results of work [4], in a vicinity of the spe-
cial point, the microhomogeneous state of the solu-
tion is thermodynamically unstable and prone to the
stratification. At the same time, the microinhomoge-
neous state, into which the system transits, is close
to the microhomogeneous one, so that fluctuation-
induced transitions between them take place. The for-
mation of the microinhomogeneous phase is confirmed
by the abnormal, but confined, growth of the molec-
ular light scattering intensity. The fluctuation char-
acter of the transition is also confirmed by the re-
sults of the dynamic light scattering [8–10], which al-
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low the size of microinhomogeneities to be estimated
(103 Å).

Small deviations of the refractive index from its
regular values also point to the close proximity of
properties in the microhomogeneous and microinho-
mogeneous phases. However, the results obtained in
this work do not allow one to unambiguously deter-
mine the relative volume 𝜁 occupied by nuclei, as
well as the alcohol concentrations in the nuclei and
in their environment. This issue will be studied se-
parately.

We would like to emphasize that the results are rep-
roduced only if the solution has been stored for a long
time after its preparation. This circumstance also tes-
tifies that the redistribution of alcohol molecules in
the solution is not governed by a simple diffusive
mechanism, but has a more complicated character
associated with the emergence and the destruction
of metastable phase nuclei.

The results obtained in this work are also con-
firmed by nephelometry data, which are depicted
in Fig. 4. The initial concentration dependence of
the turbidity had a single maximum (Fig. 4, a). In
two weeks, it is transformed into a number of peaks
(Fig. 4, b), whose positions completely agree with the
positions of regions, where the refractive index of the
solution deviated from its reference values.

5. Conclusions

Our experimental researches of aqueous ethanol so-
lutions near the special contraction point confirmed
the necessity to store the prepared solution for a
long time. The specific feature in the behavior of
the refractive index in a vicinity of the special point
of aqueous ethanol solutions testifies to the insta-
bility of their thermodynamic states. In our opin-
ion, this can be explained by the presence of nu-
clei of the metastable phase in the solution, whose
properties are close to the properties of the homo-
geneous phase. Similar anomalies in the concentra-
tion dependences of the refractive index at various
temperatures should be expected in other water–
alcohol solutions. The model proposed for the cal-
culation of the refractive index in a vicinity of the
special point of aqueous ethanol solutions is based
on exact expansions of the 𝑁 -particle polarization
in irreducible one-, two-, three-, etc. particle cont-
ributions.
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РЕФРАКТОМЕТРIЯ ВОДНИХ
РОЗЧИНIВ ЕТАНОЛУ ПОБЛИЗУ ОСОБЛИВОЇ
ТОЧКИ КОНТРАКЦIЇ

Р е з ю м е

Робота присвячена експериментальному дослiдженню кон-
центрацiйної залежностi показника заломлення в рiвнова-
жних водних розчинах етанолу. Увага придiляється околу

особливої точки, яка визначається як точка перетину кри-
вих концентрацiйних залежностей контракцiї при рiзних
температурах або як точка, в якiй спостерiгається макси-
мум iнтенсивностi молекулярного розсiяння свiтла. Пока-
зано, що в околi особливої точки 0,05 < 𝑥 < 0,1 спостерi-
гається помiтне вiдхилення показника заломлення вiд його
довiдкових значень (𝑥 – мольна частка етанолу у розчинi).
Цей ефект вiдображає той факт, що рiвноважнi властивостi
розчинiв встановлюються за декiлька тижнiв. Представле-
но аргументи на користь того, що при зазначених концен-
трацiях система стає мiкронеоднорiдною.
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