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QUALITATIVE ANALYSIS
OF CLUSTERING IN AQUEOUS ALCOHOL SOLUTIONS

The specific features of clustering in the aqueous solutions of monohydric alcohols with con-
centrations higher than that at the peculiar point are discussed. Clustering is a result of the
formation of hydrogen bonds between water and alcohol molecules, the energy of which some-
what exceeds the energy of hydrogen bonds in the water-water and alcohol-alcohol molecular
pairs. Elementary clusters are assumed to be formed, whose composition is fized at the solution
concentrations lower than that at the peculiar point and changes according to a certain law
at higher concentrations. The solution clustering degree was determined as a function of the
solution concentration and the temperature.
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1. Introduction

The properties of aqueous monohydric alcohol solu-
tions differ substantially from the properties of ideal
solutions [1-3]. This difference reveals itself in the op-
tical properties of solutions, in particular, in the ap-
pearance of maxima in the abnormal light scattering
[4-6], in the form of the concentration and tempera-
ture dependences of the adiabatic compressibility [7]
and the heat capacity [8], in the emergence of large
relaxation times [2,9] and other features in the volu-
metric behavior of those solutions [10, 11], in partic-
ular, their contraction [12-14].

The first models of solutions as associated sys-
tems were developed by D.I. Mendeleev more than
150 years ago after the systematic studies of cluster-
ing in water-alcohol solutions [15]. This concept was
developed and detailed in further researches, both ex-
perimental and theoretical ones, which had been re-
flected in a number of reviews [1, 16]. In particular,
Scatchard [17], using thermodynamic methods, stud-
ied the volume change at the solution formation from
its components.

In works [12-14], the manifestation of clustering in
the behavior of the simplest solution characteristic,
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its contraction, was examined. It was shown that the
concentration dependences of the contraction in the
aqueous solutions of methanol and ethanol measured
at various temperatures intersect one another at the
mole fractions z, = 0.16 and 0.077, respectively. This
point was called a peculiar point of solutions. Earlier,
in works [4, 5], it was shown that there is a maximum
of the abnormal light scattering in a vicinity of this
point. The origin of this phenomenon still remains a
challenging task.

It should be emphasized that the properties of wa-
ter, in particular, the network of hydrogen bonds,
play an important role at low solution concentra-
tions. At low concentrations of alcohol, the solution
remains locally homogeneous, and the following as-
sumptions concerning its molecular structure can be
made: it can be considered as an ideal ternary solu-
tion of elementary clusters and unclustered ethanol
and water molecules. An elementary cluster includes
two ethanol molecules with oppositely directed dipole
moments, with each of the molecule being surrounded
with a monolayer consisting of 13 water molecules,
on the average [13]. This is the number of ethanol
molecules that can satisfy an additional requirement
that the dipole moment of the elementary cluster
should equal zero.
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Fig. 1. Concentration dependences of the contraction of aque-
ous ethanol solutions in a vicinity of the peculiar point at vari-
ous temperatures: 0 (1), 10 (2), 20 (3), 30 (4), and 40 °C (5).
Experimental data were taken from work [24]. The dashed line
marks the concentration at the peculiar point

Furthermore, at a certain concentration, the ele-
mentary clusters can form an infinite percolation clus-
ter [18]. The clustering takes place at a concentration
corresponding to the intersection of the contraction
curves [12-14] and at the abnormal increase of the
molecular light scattering intensity [4-6]. The latter
phenomenon is closely associated with the fact that,
from the thermodynamic viewpoint, the distribution
of water molecules only in monolayers does not cor-
respond to the entropy maximum, which results in
the solution instability. The intersection point of the
contraction curves defines the so-called peculiar point
of the solution [12-14] (Fig. 1).

No less interesting are the solution concentration
intervals located symmetrically with respect to the
peculiar point in the diagram of states; i.e. solutions
with a low water content. Unfortunately, this is-
sue was left beyond the scope of interests of re-
searchers. It should be noted that, unlike water
molecules, alcohol molecules can create only chain
or cyclic structures [18,19]. The emergence of linked
cyclic formations is also possible. Here, we mean that
some of linear chains can close on themselves to form
loop-like structures. Some of them can be linked with
one another. This circumstance may favor the forma-
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tion of a spatial network of hydrogen bonds, even
in alcohols, which is ignored in many works. From
whence, it follows that the nature of the clustering in
this concentration region should differ from what is
observed at low water concentrations.

It should be noted that the experimental data
on the contraction and molecular light scattering
testify that, to the left from the peculiar point in
the water-alcohol solutions containing enough wa-
ter molecules, only elementary clusters of the same
type are formed. These are the clusters that manifest
themselves in the emergence of the peculiar point of
a solution. To the right from the peculiar point, the
concentration dependence of the contraction reveals
no specific features. Such a behavior is typical of or-
dinary molecular solutions (see work [19]). Therefore,
we assume that the most stable clusters, which are
formed to the right from the peculiar point, are struc-
turally similar to elementary clusters existing at the
peculiar point. For the solution in those states, the
system can be considered as an ideal ternary solu-
tion of alcohol, elementary clusters, and unclustered
water.

Note that, in the works by Mendeleev [15], it was
considered that there may exist a few types of clus-
ters (associates). However, the lack of a fine structure
in the concentration dependences of the contraction
forces us to conclude that there exist only elementary
clusters, whose composition changes continuously, as
the concentration increases. It should be emphasized
that clusters are short-lived entities, because the life-
time of hydrogen bonds is limited [20-22]. In the anal-
ysis given below, the special attention will be paid
only to the influence of the clustering on a solution
volume change as a result of the formation of elemen-
tary clusters. We emphasize that no detailed assump-
tions are made about the specific spatial structure of
the solution. The main aim of our work consists in de-
scribing the clustering degree of the aqueous solutions
of monohydric alcohols with a low water content. For
this purpose, an expression is presented below for the
density of solutions obtained under the assumptions
described above.

2. Model of the Properties
of Water-Alcohol Clusters

According to our assumptions, the solution consists
of three components: unclustered water and alcohol
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molecules and elementary clusters. As a result, the to-
tal solution volume is modeled to be equal to the sum
of the unclustered water, Vu(,m), and alcohol, Va(m),
volumes and the volume occupied by the elementary
clusters, Vu(,fl):

Ve = V&9 4 v o) 4y, (1)

w wa

An elementary cluster is assumed to include both wa-
ter and alcohol molecules. The cluster composition is
characterized by the parameter k = z,,/z,, where z,
and z, are the numbers of water and alcohol, respec-
tively, molecules composing the cluster. If N,, water
molecules are added to alcohol, some part of them,
Z., become clustered. As a result, the volume occu-
pied by unclustered alcohol molecules equals

1
vine) — (0 _ 4, Z, Ny —, (2)

wa a k
where Va(o) = v, N, is the initial alcohol volume, v, =
Ma/pa is the volume per alcohol molecule in pure
alcohol (m, is the molecular weight of alcohol, and
Pa is the alcohol density), and N, is the number of
alcohol molecules.

Note that the degree of solution clustering can also
be determined in the framework of the chemical equi-
librium theory [23]. In this case, however, one should
know the magnitude of the system energy change at
the formation of an elementary cluster. This issue will
be considered in a separate work.

The volume of water that is not included into the
cluster is determined by the expression

V) = (1 — Zy)0 N, (3)

where v, = My /pw, My is the molecular mass of
water, and p,, its density. If the solution is completely
clustered — this is the case at the peculiar point — its
volume is determined by the total mass of the water
and alcohol molecules that form elementary clusters
and the density of the totally clustered solution,

Mq

My + ——
v =k _kmetmely Iy,
Pe Pec k k

where v, is the volume of the clustered solution
per one alcohol molecule or k water molecules. From
whence, as a consequence, we obtain

kmy, + mg

ve = T e, 4
pe @
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where p. is an experimentally measurable quantity.
Then the total volume of the clustered component is
determined as follows:

1
Vi) = vcEZwNw. (5)

Ultimately, Egs. (1)—(3) and (5) imply that the to-
tal volume of the solution is described by the expres-
sion

1
‘/s = (Ua _UaZw%(l _x)—’—

—|—Uw(1—Zw)(1—a:)—i—chw(l—:13)%Nw)]\f7 (6)

and its density, which can be determined experimen-
tally, is equal to

D — (mqy (1 — ai/)s—i— max)N’ )

where N = N, + N,,. If the solution concentration is
equal to that at the peculiar point, x = x,,, the solu-
tion itself, according to our assumption, is completely
clustered, i.e. Z,, = 1 and ps(x) = p. Therefore, the
concentration at the peculiar point is related to the
parameter k by the equality

11—z, = kx,. (8)
The latter gives rise to the obvious relation for k,
1 —
J—— 9)
Tp

which characterizes the composition of an elementary
cluster at the peculiar point. This parameter remains
the same to the left from the peculiar point. To the
right from the peculiar point, where there is a defi-
ciency of water molecules, we assume that the param-
eter k is described by the formula

k(z) = 1%

- (10)

It continuously transforms into Eq. (9) when ap-
proaching the peculiar point (see Introduction). Pro-
ceeding from Egs. (4) and (7), we can express the
clustering degree of water molecules in the solution
as a function of the molar fraction of alcohol in the
form

k(z) vs —vp(l —x) —vex

L = , 11
(I1—2) wve—vg — k(z)vy (11)
where
My (1 — ) + mex
Vg = .
Ps
523



V.E. Chechko, V.Ya. Gotsulskyi

3. Clustering Degree
of Aqueous Ethanol Solution

The concentration dependences of the clustering de-
gree of water molecules, Z,(z,T), in the solution
of water in ethanol at various temperatures, which

Lo
1.0

0.6 4

0.4 4

0.2 4

DD T T T T T
04 06 08 y 10

Fig. 2. Concentration dependences of the clustering degree
of water molecules in the ethanol-water solutions at various
temperatures: 0 (1), 20 (2), and 40 °C (3). Experimental
data were taken from work [25]. The dashed line marks the
concentration at the peculiar point
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Fig. 3. Concentration dependences of the volume fraction of
clusters in the ethanol-water solutions at various temperatures:
0 (1), 20 (2), and 40 °C (3).
from work [24]. The dashed line marks the concentration at
the peculiar point

524

Experimental data were taken

were calculated according to Eq. (10), are shown in
Fig. 2. From the exhibited data, it is evident that
the clustering degree of water molecules monotoni-
cally decreases as the temperature increases.

4. Discussion of the Results Obtained

In order to discuss the results obtained, some con-
siderations are to be taken into account. Our main
assumption consists in that the water-alcohol solu-
tion with a low water content can be regarded as a
three-component one. The components of this solu-
tion are: alcohol, water, and the clustered solution
component. The very fact of the appearance of clus-
ters in the solutions of water and alcohols is one of
the main differences between the solutions concerned
and the ideal two-component solutions. It should be
noted that clusters are formed in the solutions with
any concentration.

In the solutions with a low water content, two com-
peting tendencies are observed at the molecular level:
1) the alcohol molecules try to create elementary clus-
ters with the water molecules, because their mutual
interaction is stronger [25, 26]; and 2) the composi-
tion of clusters changes due to the insufficient num-
ber of water molecules. As a result, there emerge
clusters that are similar to elementary clusters, but
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Fig. 4. Concentration dependences of the clustering degree of
the water-methanol solutions at various temperatures: 0 (1)
and 20 °C (2). Experimental data were taken from work [27].
The dashed line marks the concentration at the peculiar point
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with a lower content of water molecules. Some water
molecules remain in the unclustered state.

At the peculiar point, the solution is completely
clustered. In this state, water molecules are uni-
formly distributed around ethanol ones, what is nat-
ural from the thermodynamic viewpoint and corre-
sponds to a uniform distribution of the substance over
the system. In a vicinity of the peculiar point, un-
clustered molecules can appear only due to thermal
fluctuations.

The degree of solution clustering can also be char-
acterized by the volume fraction of clusters in the
solution:

20 = ve(1 — )

UG.ZU)
k(x)

+vu(1 = Zy) +veZy | (1 —x)

(12)

In accordance with the aforesaid, this quantity can
be regarded as the volume fraction of the third,
i.e. “clustered”, component in the solution. Figure 3
demonstrates the concentration dependences for the
volume fraction of the clustered component in the
solution at various temperatures. The calculations
were carried out by formula (12). The exhibited data
make it evident that the volume fraction of clus-
ters monotonically decreases, as the temperature
grows.

On the basis of the data of work [27] for the den-
sity of aqueous methanol solutions, in which the pe-
culiar point was observed at x = x, = 0.16, we also
calculated the corresponding quantity Z,,. In the cal-
culations, formula (11) was used. The concentration
dependences of the parameter Z,, obtained for the
methanol-water solutions are shown in Fig. 4. As in
the case of ethanol-water solutions, the clustering de-
gree of water molecules in the methanol-water solu-
tion decreases with the increasing temperature.

It should be mentioned that this approach was ap-
plied in work [28] to describe the volume effects in
water-alcohol solutions. In the cited work, the so-
lution was considered as a mixture of four compo-
nents: pure water, pure alcohol, “solvates of nonpolar
groups”, and unclustered water molecules. A special
attention was paid to the concentration dependence
of the temperature, at which the water density had a
maximum, and to the behavior of the partial molar
volumes. However, this approach was applied within
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the interval 0 < x < 0.17, so that the indicated de-
pendences were not considered at high alcohol con-
centrations in the solution.

The authors of work [28] presented the following
expression for the average molar volume of the solu-
tion:

1
Vs = ——— Vi \%Z Vil
P, n1Vi + ng 2+;n

where nj, and Vj, are the number of moles and the
molar volume, respectively, of “pure” water (k = 1)
and alcohol (k = 2); whereas n; and V; are the cor-
responding parameters for the complexes available in
the solutions. In our consideration, we confined their
number to only one type of complexes, namely, el-
ementary clusters. The influence of other molecular
formations on the solution volume will be a subject of
the following works. In our view, only this restriction
is responsible for the dependence of the parameter k
on the solution concentration.

5. Conclusions

The results of numerical simulation showed that, in
the first approximation, the binary aqueous solutions
of alcohols can be regarded as consisting of three com-
ponents: alcohol, water, and clusters. The latter are
formed, when the first two components are mixed (the
clustered component). A mixture of those three com-
ponents can be considered as an ideal solution. The
clustering degree of water-alcohol solutions monoton-
ically decreases from 1 to 0, as the alcohol concen-
tration increases from its value at the peculiar point
to that of pure alcohol. Provided the same solution
concentrations, the clustering degree increases, as the
temperature decreases.

The authors express their deep gratitude to Aca-
demician of the National Academy of Sciences
L.A. Bulavin for his permanent attention to our work,
comprehensive assistance, inspiration, and stimula-
tion. We are sincerely thankful to Prof. M.P. Malo-
muzh for the fruitful discussion of the results of this
work and his assistance in writing the paper.
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AKICHUM AHAJII3 KJIACTEPU3AILIIL
B CIIMPTOBO-BOJHUX PO3YMHAX

Peszmowme

YV po60Ti 06rOoBOPIOIOTHCsT OCOBIMBOCTI KJIACTEPU3AIT Y BOIHUX
po3YnHAX OJHOATOMHHMX CIUPTIB 3a KOHIEHTpaIiil 6iabInux,
Hi?K B ocobsiuBiit Touli. BoHna BHHUKAaE BHACJ/IIOK yTBOPEHHS
BOZHEBUX 3B’fI3KiB Mi>K MOJIEKyJlaM{ BOZU 1 COUPTY, €Hepris
SKHUX JEII0 ITEePEBUIILYE €HEPrilo BOJHEBUX 3B’sI3KIB MiXK OJHO-
TUIMMHUMU TapaMu MOJIEKYJI BOJa-BOJa Ta coupr-cuuprt. Ilpu-
MMAEThC, 110 Y PO3YMHAX yTBOPIOIOTHCS €JIEMEHTapHi KJacre-
PH, CKJIaJI IKUX € (DIKCOBAHUM 3a KOHIIEHTPAI MEHIINX, HI>K B
ocobuuBiil ToUI, 1 3MIHIOETbCS 3a IEBHUM 3aKOHOM IIPABOPY Y
Big Hel. Busnadeno cryninb kJjiacrepusallil po3uuHy sK (pyH-
KIIiI0 f1oro KoHIeHTpauil i TemMneparypu.
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