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QUALITATIVE ANALYSIS
OF CLUSTERING IN AQUEOUS
ALCOHOL SOLUTIONS. II

Specific features of the clustering in aqueous solutions of monoatomic alcohols have been dis-
cussed. Main attention is focused on details of the clustering in water-ethanol solutions. The
clustering degree is supposed to depend on the nteraction between ethanol and water molecules,
as well as on the ordering degree of the H-bond network in water, which changes with the tem-
perature and concentration of the alcohol. The elementary cluster volume is assumed to be
smaller than the sum of the molecular volumes of components that form this cluster. The
clustering degree in aqueous solutions of methanol and ethanol and its concentration and tem-
perature dependences are determined.
K e yw o r d s: solutions, water, monoatomic alcohols, elementary clusters, singular point.

1. Introduction

It is well known that the properties of aqueous solu-
tions of monoatomic alcohols differ drastically from
the properties of ideal solutions [1–3]. This difference
manifests itself in such physical properties as the in-
tensity of molecular light scattering in a vicinity of
the singular point of the solution [4–6], adiabatic
compressibility[7], and heat capacity [8], in the emer-
gence of anomalously large relaxation times [3,9], and
even in the behavior of the simplest thermodynamic
parameter of the system, its contraction (a decrease in
the volume at the solution formation) [10–14]. From
the standpoint of the theory of molecular structure,
all those and other peculiarities in the behavior of so-
lutions [15] are a result of clustering processes running
in them.

The first clear systematic ideas about the role of
clusters in the behavior of solution properties were
formulated by D.I. Mendeleev about 150 years ago
[16]. Later, those concepts were developed and for-
mulated more accurately. In particular, it was found
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in works [12–14] that the concentration dependences
of the contraction corresponding to different exper-
imental temperatures mutually intersect in a vicin-
ity of the singular point of the aqueous ethanol so-
lution corresponding to the alcohol molar fraction
𝑥p = 0.077. The excess solution volume is character-
ized by an identical behavior [17, 18].

Under the conditions corresponding to the singu-
lar point of the aqueous ethanol solution, every al-
cohol molecule in the solution is surrounded by 25–
26 water molecules, so that there are no unbound
water molecules at all (see works [3, 14]). In effect,
there arises an ensemble of elementary clusters con-
sisting of ethanol molecules and a monolayer of water
molecules taken in the above-mentioned ratio. The el-
ementary clusters form a dense system, in which every
water molecule is actually connected with two neigh-
bor ethanol molecules. This water molecule can be
attributed to either of those ethanol molecules. As a
result, there are on average 12–13 water molecules per
one ethanol molecule. As was shown in works [3, 14],
the uniform distribution of water molecules over the
monolayers is thermodynamically unstable. There-
fore, concentration fluctuations grow at the singular
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point, and there emerges a microscopically heteroge-
neous structure of the solution [4, 14, 15, 19, 20].

It seems natural that if the ethanol concentration
is low (𝑥 ≪ 𝑥p), every ethanol molecule should be
connected with all water molecules from its closest
neighborhood. But this assumption is not quite sat-
isfactory, because it does not reflect the fact that the
introduction of ethanol molecules into water requires
some energy spent to change a local structure of wa-
ter. Since the energy of interaction between a water
molecule and an ethanol one only slightly exceeds the
interaction energies between two water molecules and
between two ethanol molecules (see works [18, 21]),
every ethanol molecule is bound to only a few of wa-
ter molecules from its environment. In other words,
only some of ethanol molecules participate in the for-
mation of elementary clusters, whereas the others re-
main unclustered.

Note that we use the concept of hydrogen bonds
here to interpret the results obtained. However, by
this notion, we understand ordinary electrostatic in-
teractions [22–27] giving rise to the same local tetra-
hedral structure of water that is observed experimen-
tally [28]. In works [26,29], it was shown that the con-
tributions associated with the overlapping of molecu-
lar electron shells do not exceed 15% of electrostatic
contributions.

Furthermore, when using the notion of elemen-
tary cluster, we do not consider its specific structure
anywhere. In addition, we believe that all elemen-
tary clusters possess different instantaneous struc-
tures within the time of their existence, which does
not strongly exceed the lifetime of a hydrogen bond
[30]. In effect, of principal importance are only the
average number of water molecules entering the clus-
ters and a circumstance that the formation of clusters
leads to a certain decrease in the solution volume.

An important characteristic of an aqueous alco-
hol solution is the degree of its clustering 𝑍a(𝑥, 𝑇 ),
i.e. the ratio between the number of clustered al-
cohol molecules 𝑁

(c)
a and their total number 𝑁a:

𝑍a(𝑥, 𝑇 ) = 𝑁
(c)
a /𝑁a. The behavior of the parameter

𝑍a(𝑥, 𝑇 ) in the concentration interval 𝑥p < 𝑥 < 1
was determined in work [31].

In this work, the main attention is focused on the
determination of two parameters: the clustering de-
gree of water-ethanol solutions in the whole alcohol
concentration interval and the reducible part of the
excess solution enthalpy.

2. Model Properties
of Water-Alcohol Clusters
When interpreting the properties of aqueous ethanol
solutions, – first of all, this was the behavior of
their contraction – D.I. Mendeleev [16] came to
a conclusion that the mixing of solution compo-
nents is accompanied by the hydration, i.e. the for-
mation of molecular associates of definite compo-
sitions, namely, C2H5OH–12H2O, C2H5OH–3H2O,
and H2O–3C2H5OH. Later, Ya.V. Zeltser [32] found
the values for the solution mixing heats corres-
ponding to those compositions: 8.700, 3.077, and
0.934 kJ/mol, respectively.

It is more reasonable to recalculate those quantities
per one particle: 3.57𝑘B𝑇 , 1.26𝑘B𝑇 , and 0.383𝑘B𝑇 .
From whence, one can see that the molecular asso-
ciates of the second and third types are unstable,
because the corresponding mixing heats do not sub-
stantially exceed the energy of thermal motion, as
it should be for more or less stable associates to be
formed. Thus, to the right from the singular point,
only the formation of associates of the first type
(C2H5OH–12H2O) can be talked about.

This statement obviously contradicts the division
of the concentration interval into a number of sec-
tions, which was proposed in work [32]. In partic-
ular, these are sections 1) 0 ≤ 𝑥 ≤ 0.0766, where
the solution consists of associates of the first type
(C2H5OH–12H2O) and water excess; 2) 0.0766 ≤ 𝑥 ≤
≤ 0.25, where the solution contains a mixture of asso-
ciates of the first and second types (C2H5OH–12H2O
and C2H5OH–3H2O); 3) 0.25 ≤ 𝑥 ≤ 0.75, where
the solution contains a mixture of associates of
the second and third types (C2H5OH–3H2O and
H2O− 3C2H5OH); the left end of this interval (𝑥 =
= 0.25) coincides with the minimum of solution con-
traction; and 4) 0.75 ≤ 𝑥 ≤ 1, where the solutions
includes hydrates of the third type (H2O–3C2H5OH)
and an excess of alcohol.

As was done earlier [31], let us assume the solution
volume to consist of the water and alcohol volumes
(𝑉 (nc)

w and 𝑉
(nc)
a , respectively) that do not belong to

the cluster composition and the volume of clusters
𝑉

(c)
wa :

𝑉s = 𝑉 (nc)
w + 𝑉 (nc)

a + 𝑉 (c)
wa .

An elementary cluster is supposed to include 𝑧w water
molecules and 𝑧a alcohol molecules. The cluster com-
position will be characterized by the ratio 𝑘 =𝑧w/𝑧a.
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To the right from the singular point, the number
of water molecules is not enough for the formation
of elementary clusters. As a result, the behavior of
the parameter 𝑘 was modeled in work [31] by the
expression

𝑘 =
1− 𝑥

𝑥
(𝑥 > 𝑥p),

where it was assumed that 𝑧a ∼ 𝑥 and 𝑧w ∼ 1−𝑥. To
the left from the singular point, there is no water
deficiency. Therefore, the value of the parameter 𝑘 in
this interval should be assumed fixed and equal to its
value at the singular point:

𝑘 =
1− 𝑥p

𝑥p
(𝑥 ≤ 𝑥p).

Accordingly, we adopt that, in the whole concen-
tration interval, the cluster composition parameter
varies as follows:

𝑘(𝑥) =

{︂
(1− 𝑥)/𝑥 if 𝑥 > 𝑥p,
(1− 𝑥p)/𝑥p if 𝑥 ≤ 𝑥p,

which is a continuous function of the alcohol concen-
tration. Since its derivative is discontinuous, it may
result in the appearance of certain artifacts in a vicin-
ity of the singular point.

If 𝑁a alcohol molecules are added to 𝑁w water
molecules, some of the former will enter the composi-
tion of clusters. As a result, the volume occupied by
unclustered water molecules will be equal to

𝑉 (nc)
w = 𝑉 (0)

w − 𝑣w𝑘(𝑥)𝑍a(𝑥, 𝑇 )𝑁a,

where 𝑉
(0)
w = 𝑣w𝑁w is the initial water volume,

𝑣w = 𝑚w/𝜌w is the molecular water volume, 𝑚w and
𝜌w are the molecular weight and density of water, re-
spectively, and 𝑍a(𝑥, 𝑇 ) is the clustering degree. Note
that the degree of solution clustering can also be de-
termined in the framework of the chemical equilib-
rium theory [33]. However, for this purpose, one has
to know the magnitude of the system energy varia-
tion at the formation of an elementary cluster. This
approach will be considered in a separate work.

The volume of alcohol molecules beyond the clus-
ters is determined by the expression

𝑉 (nc)
a = [1− 𝑍a(𝑥, 𝑇 )] 𝑣a𝑁a,

where 𝑣a = 𝑚a/𝜌a, and 𝑚a and 𝜌a are the molecular
mass and density of alcohol, respectively.

The volume 𝑉
(c)
wa occupied by elementary clusters

equals

𝑉 (c)
wa =

1

𝑥p
𝑣c𝑍a(𝑥, 𝑇 )𝑁a,

where

𝑣c =
𝑚w(1− 𝑥p) +𝑚a𝑥p

𝜌c
,

and 𝜌c is the solution density at the singular point.
The clustering degree can be obtained from the so-

lution density according to the equation

𝜌s =
𝑚w(1− 𝑥) +𝑚a𝑥

𝑉s
, (1)

where 𝑉s = 𝑣w(1 − 𝑥) − 𝑣w𝑘(𝑥)𝑍a(𝑥, 𝑇 )𝑥 + 𝑣a(1−
−𝑍a(𝑥, 𝑇 ))𝑥 + 1

𝑥p
is the total molar volume of the

solution. Note that 𝜌s is the experimentally measured
quantity. Now, from Eq. (1), we can obtain a formula
for the clustering degree 𝑍a(𝑥, 𝑇 ):

𝑍a =
𝑥p

𝑥

𝑚w(1−𝑥)−𝑚a𝑥
𝜌s(𝑥,𝑇 ) − 𝑣w(1− 𝑥)− 𝑣a𝑥

𝑣c − 𝑣w𝑘(𝑥)𝑥p − 𝑣a𝑥p
. (2)

The excess volume of the solution is determined by
the relation

𝑉 𝐸 = 𝑉s − 𝑉id,

where 𝑉s and 𝑉id are the molar volumes of real and
ideal solutions, respectively. One can make sure that,
to the left from the singular point, 𝑉 𝐸 looks like

𝑉 𝐸 = 𝑉 𝐸
p 𝑍a(𝑥, 𝑇 )

𝑥

𝑥p
, (3)

where

𝑉 𝐸
p = 𝑣c − 𝑣w(1− 𝑥p)− 𝑣a𝑥p = 20.078 cm3

is the excess solution volume at the singular point of
the aqueous ethanol solution [12–14, 34], and 𝑣c, 𝑣w,
and 𝑣a are the molar volumes of elementary clusters,
water, and alcohol, respectively, at a temperature of
25 ∘C.

Taking the results obtained in work [31] into ac-
count, the relation between the parameter 𝑍a(𝑥, 𝑇 )
and the solution contraction 𝜙(𝑥, 𝑇 ) is given by the
formula

𝑍a(𝑥, 𝑇 ) =
𝑥p

𝑥

𝑣id(𝑥, 𝑇 )

𝑣id(𝑥p, 𝑇 )

𝜙(𝑥, 𝑇 )

𝜙(𝑥p, 𝑇 )
, (4)

where 𝑣id(𝑥, 𝑇 ) is the molar volume of the ideal
solution.
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2.1. Clustering degree
in aqueous ethanol solutions

The results of corresponding calculations for 𝑍a(𝑥, 𝑇 )
are shown in Fig. 1. One can see that, to the left from
the singular point, the clustering degree of alcohol
molecules monotonically increases with both the con-
centration and temperature. This fact absolutely cor-
relates with the conclusions of works [35–37], in which
it was shown that liquid water demonstrates qua-
sicrystalline properties up to the characteristic tem-
perature 𝑇𝑑 ≈ (42±3) ∘C. Near this temperature (at
𝑇 = 40 ∘C), 𝑍a(𝑥, 𝑇 ) approaches unity when starting
from low ethanol concentrations (see Fig. 1). To the
right from the singular point, the deficiency of water
molecules, on the contrary, gives rise to a reduction of
the alcohol molecule clustering degree with the tem-
perature growth.

Here are some speculations concerning the results
obtained. Our basic assumption consisted in that
the aqueous ethanol solution can be regarded as a
three-component solution including water and alco-
hol molecules and clusters. Elementary clusters are
dynamic formations of alcohol and water molecules
taken in a ratio of 1 : 12. The presence of clusters dis-
tinguishes real aqueous alcohol solutions from ideal
ones. However, the clustering takes place at all con-
centrations.

2.2. Clustering degree
in aqueous methanol solutions

The body of experimental data for the density of
aqueous methanol solutions and its dependences on
the concentration and temperature [38] allowed us
to calculate the corresponding dependences of the
parameter 𝑍a(𝑥, 𝑇 ). In aqueous methanol solutions,
the singular point is observed at the concentration
𝑥p = 0.165 [12–14].

The concentration dependences of the parameter
𝑍a for the water-methanol solutions at various tem-
peratures are depicted in Fig. 2.

3. Relation between the Clustering
Degree and the Solution Mixing Enthalpy

Similarly to the case of clustering, let us suppose that
the solution enthalpy 𝐻s can be presented as the sum

𝐻s = 𝐻(nc)
w −𝐻(nc)

a −𝐻(c)
wa ,

where 𝐻(nc)
w , 𝐻(nc)

a , and 𝐻
(c)
wa are the enthalpies of un-

clustered (free) water and alcohol molecules and the
clustered component, respectively. In the same way
as in the case of contraction, we can obtain a relation
between the reducible part 𝐻(𝜙)(𝑥) of the excess en-
thalpy and its value at the singular point 𝐻𝐸

p , namely,

𝐻(𝜙)(𝑥) = 𝐻𝐸
p 𝑍a(𝑥, 𝑇 )

𝑥

𝑥p
, (5)

where

𝐻𝐸
p = 𝐻p −𝐻w(1− 𝑥p)−𝐻a𝑥p = −285.796 kJ/mol

(see work [39]) is the solution enthalpy at the sin-
gular point, and 𝐻w and 𝐻a are the enthalpies of
water and ethanol, respectively, at a temperature of
25∘C. Here, we assumed that, from the thermody-
namic viewpoint, the excess enthalpy of a solution is
determined by the bulk and thermal components,

𝐻𝐸 = 𝐻(𝜙)(𝑥) +𝐻(ℎ)(𝑥),

where the first term corresponds to the bulk (re-
ducible) enthalpy component, and the second one to
the thermal component.

A comparison of formulas (3) and (5) brings us to a
conclusion that the value of the reducible part of the
excess enthalpy, which is considered as a function of
the concentration, is proportional to the excess vol-
ume of the system,

𝐻(𝜙)(𝑥) = 𝛼𝑉 𝐸 , (6)

where 𝛼 = 𝐻𝐸
p /𝑉 𝐸

p . Changing to dimensionless quan-
tities by normalizing the dimensional parameters by
their values at the singular point,

̃︀𝐻(𝜙) =
𝐻𝐸

𝐻𝐸
p

, ̃︀𝑉 𝐸 =
𝑉 𝐸

𝑉 𝐸
p

,

we can rewrite Eq. (6) in the form of the identity

̃︀𝐻(𝜙)(𝑥) = ̃︀𝑉 𝐸(𝑥). (7)

A comparative behavior of 𝐻𝐸(𝑥) and 𝐻(𝜙)(𝑥) is
shown in Fig. 3. As one can see, to the right from the
intersection point of curves 1 and 2 (𝑥 = 𝑥′) and to
the left from the solution singular point (𝑥 = 𝑥p), the
reducible component of the excess enthalpy is lower
than the experimental values of 𝐻𝐸(𝑥, 𝑇 ). This fact
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Fig. 1. Concentration dependences of the clustering degree of ethanol molecules in aqueous solutions at temperatures of 0 (1 ),
10 (2 ), 20 (3 ), 30 (4 ), and 40 ∘C (5 ). The curves are arranged from bottom to top to the left from the singular point, and from
the top to bottom to the right from it. Experimental data were taken from work [34]. The dashed line marks the concentration
position of the singular point 𝑥p

Fig. 2. Concentration dependences of the clustering degree of methanol molecules in aqueous solutions at temperatures of 0
(1 ), 10 (2 ), 20 (3 ), and 30 ∘C (4 ). The curves are arranged from bottom to top to the left from the singular point, and from
the top to bottom to the right from it. Experimental data were taken from work [38]. The dashed line marks the concentration
position of the singular point 𝑥p

means that the heat component of the enthalpy is ex-
pectedly positive. The situation is opposite between
those two points. However, it may follow from the
somewhat inaccurate determination of the reducible
component near the singular point. As a result, the
obtained match between the left and right sections of

curve 2 in a vicinity of the singular point is not quite
satisfactory.

4. Discussion of the Results Obtained

Our assumption that the clusters of only one type
are formed may probably be somewhat oversimpli-
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Fig. 3. Dependences of the excess enthalpy of aqueous ethanol
solution (curve 1 ) and its reducible component (curve 2 ) on the
solution concentration at a temperature of 25 ∘C. The excess
enthalpy values were taken from works [39, 40]. The dashed
lines mark the concentration position of the singular point 𝑥p

and the intersection point of curves 1 and 2

fied. However, it is sufficient to describe the concen-
tration and temperature dependences of the solution
density and contraction [12–14].

Attention should be paid to the value of the cluster
volume fraction

𝑥(c)
𝑣 =

𝑉c

𝑉s
=

𝑣c𝑍a(𝑥, 𝑇 )𝑥

𝑉s
.

It is easy to verify that 𝑥(c)
𝑣 ≈ 0.2÷0.22 for the aque-

ous solutions of the first three alcohols in the homolo-
gous series of monoatomic alcohols. This value almost
coincides with the specific volume of solid spheres [41]
at the point, where the latter form an infinite per-
colation cluster. This fact allows us to interpret the
singular point in the aqueous alcohol solutions as a
point, where the alcohol molecules form an infinite
percolation cluster.

A similar conclusion was also made in work [42],
where the local structure of aqueous ethanol solu-
tions was studied, by using the Raman light scat-
tering and computer simulation. The cited authors
noted that, in both those methods, the most signif-
icant change in the solution structure was observed
at 𝑥

(𝑝)
𝑣 ≈ 0.2. The formation of spatially extended

clusters by ethanol molecules explicitly manifests it-

self when simulating the arrangement of large spheres
in an environment composed of smaller spheres (see
Fig. 12 in work [42]). The structure of the cluster de-
picted in that figure resembles the structure of a per-
colation cluster.

From our analysis of the clustering degree in aque-
ous alcohol solutions, it follows that 𝑍a(𝑥, 𝑇 ) < 1
both to the left and to the right from their singular
point. The equality 𝑍a(𝑥p, 𝑇 ) = 1 is satisfied only
at the solution singular point. In other words, the
solutions can be considered clustered only at this
point. To the left from the singular point, the cluster-
ing degree decreases, because water tries to preserve
its ice-like structure. To the right from the singular
point, the situation is inverse: it is the alcohol that
tries to preserve its local structure. As a result, pro-
vided the same concentration, 𝑍a(𝑥, 𝑇 ) increases to
the left and decreases to the right from the singular
point, as the temperature grows.

Note that the clustering degree in methanol is
somewhat higher than that in ethanol. It is so be-
cause size of a methanol molecule is considerably
smaller than the size of an ethanol molecule. There-
fore, in a vicinity of the methanol molecule, its elec-
tric field affects the ordering in the environment more
strongly. This speculation is supported by the diam-
eters of methanol and ethanol molecules (3.89 and
4.41 Å, respectively [43,44]) and their dipole moments
(1.706 and 1.68 D, respectively [45]).

The authors express their deep gratitude to Aca-
demician of the NAS of Ukraine L.A.Bulavin for his
permanent attention to our work and the compre-
hensive assistance, inspiration, and encouragement
for many years. We are also sincerely thankful to
Prof.M.P.Malomuzh for the fruitful discussion of the
results of this work and his help in writing this paper.
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ЯКIСНИЙ АНАЛIЗ КЛАСТЕРИЗАЦIЇ
В СПИРТОВО-ВОДНИХ РОЗЧИНАХ. II

Р е з ю м е

В роботi обговорюються особливостi кластеризацiї в водних
розчинах одноатомних спиртiв. Основна увага фокусується
на деталях кластеризацiї в розчинах вода-етанол. Передба-
чається, що ступень кластеризацiї залежить не тiльки вiд
характеру взаємодiї мiж молекулами етанолу i води, а та-
кож i вiд ступеня впорядкування сiтки водневих зв’язкiв у
водi, що змiнюється з температурою та концентрацiєю спир-
тiв. Приймається, що об’єм елементарного кластера, вияв-
ляється меншим за сумарний молекулярний об’єм компо-
нент, що утворюють цей кластер. Визначено ступень кла-
стеризацiї у водних розчинах метанолу та етанолу в зале-
жностi вiд їх концентрацiй та температур.
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