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QUALITATIVE ANALYSIS OF THE CLUSTERING
IN WATER SOLUTIONS OF ALCOHOLS III

Peculiarities of the clustering in aqueous solutions of monohydric alcohols have been dis-
cussed. The main attention is focused on the details of clustering in aqueous solutions of
four first alcohols in the methanol homologous series, as well as butanol isomers. The volume
of an elementary cluster is assumed to be smaller than the total volume of the components
forming this cluster. The clustering degree is determined at a temperature of 15 °C and in the
concentration interval 0 < < xp, where xp is the molar concentration of alcohol molecules at
the special point. The clustering degree for the aqueous solutions of butanol isomers at 20 °C

is estimated as well.
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1. Introduction

Aqueous alcohol solutions are complicated systems,
the properties of which substantially depend on the
concentrations of components. The first systematic
work on the study of the bulk properties of solutions
was performed by D.I. Mendeleev [1,2|. The objects
of research were aqueous solutions of ethanol and sul-
furic acid, and the main attention was paid to the
phenomenon of thermal solution expansion. Progress
in the study of the volumetric solution properties is
reflected in monographs [1, 3]. Those studies still re-
main challenging [4].

The deviation of solutions from ideality occurs,
first of all, owing to hydrogen bonds between their
molecules. Hydrogen bonds are assumed to exist be-
tween both the molecules of separate components and
the molecules of different components. Such solutions
include aqueous solutions of alcohols, primary and
secondary amines, and solutions of two alcohols.
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Every molecule of monohydric alcohol can form
two hydrogen bonds, and every water molecule can
form four ones. It is known that the interaction en-
ergy between the alcohol and water molecules ex-
ceeds the interaction energy in the water—water and
alcohol-alcohol molecular pairs [5, 6]. For example,
the hydrogen bond energy between ethanol molecules
(5.66 kcal/mol) was theoretically calculated in work
[7]. This value is lower than the hydrogen bond en-
ergy in the water-ethanol pair (5.85 kcal/mol).

The clustering in aqueous alcohol (methanol and
ethanol) solutions in the concentration intervals Tp <
<z <1[8 and 0 <z < x, [9], where z, is the mo-
lar fraction of the alcohol corresponding to the spe-
cial solution point [10-13], was considered in works
[8, 9]. The aqueous alcohol solution is considered as
a mixture of three components (substances): water,
alcohol, and clusters formed by the alcohol and wa-
ter molecules. The third component is formed owing
to the intermolecular interaction between water and
alcohol molecules. In works [8, 9], a relation was ob-
tained for the density and the clustering degree of so-
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lutions, if some amount of alcohol is added to water
[8] or some water is added to alcohol [9].

In this work, a generalization of the approach used
in works [8, 9] to a wider group of the aqueous solu-
tions of monohydric alcohols is considered.

2. Application of the Group
Model to Describe the Clustering in Solutions

The main idea of the group model proposed by
Langmuir [14] consists in dividing the molecules
in the solution into several groups. It is assumed
that all available groups make the additive contri-
butions to the solution properties. The main results
obtained in the framework of this model are described
in work [15].

An important characteristic of the aqueous alcohol
solutions is the degree of their clustering Z,(z,T),
namely, the ratio between the number of clustered
alcohol molecules, Néc), and their total number N,,

Zo(x,T) = N\9/N,.

In works [8, 9] in order to determine Z,(x,T), the
following assumptions were made:

1) the solution is completely clustered at the spe-
cific point,

2) when adding alcohol to water [8] or water to al-
cohol [9], the added substance becomes clustered only
partially, which is described by the degrees of cluster-
ing of alcohol, Z,(z,T), and water, Zy(z,T); both of
those parameters being functions of the concentration
and temperature.

In support of the indicated assumptions, we can
present the conclusions from work [16], where it was
claimed that, in aqueous methanol solutions with con-
centrations close to = ~ (0.1669, at least five wa-
ter molecules surround one methanol molecule, which
testifies [16] to the complete clustering of the solution.

Water-methanol solutions were also studied in work
[17]. The distances between the molecules were used
as a clustering criterion. For water, this criterion was
proposed in work [18]. Two water molecules are con-
sidered to be bound through a hydrogen bond, if
the distance between their oxygen atoms is shorter
than 3.2 A[18]. In work [19], the clustering criterion
is the distance between carbon molecules. The cited
authors showed that, at the concentration x = 0.1,
the clustering degree reaches a value of 74.9%; the
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concentration at the special point is z, = 0.165. The
same result was obtained in work [20].

In aqueous solutions of methanol, a maximum in
the viscosity isotherm is observed at a water—alcohol
molecular ratio of 7:2 [20]. The presence of the maxi-
mum is explained by the fact that the hydrogen bonds
of water molecules become saturated with alcohol
molecules at this temperature, and the total cluster-
ing of the solution takes place. In work [21], on the
basis of the idea about the maximum stabilization of
a water structure by non-electrolyte molecules, it was
shown that this phenomenon is observed in aqueous
methanol solutions at the concentrations x ~ 0.17.

Let the solution consist of N solvent and solute
molecules, N = Ny + N,, where, Ny, and N, are
the numbers of water and alcohol molecules, respec-
tively. The water molecules, N, are divided into the
molecules that are in clusters, NV(VC)7 and the “free”
molecules, N, Similarly, for the alcohol molecules,
we have Néc) and Nénc).

According to the group model, the volume of the
mixture is equal to

Vi = v NP 4 0, N 4 4 (N 4 N©)),

where vy, v,, and v, are the molar volumes of wa-
ter, alcohol, and the clustered component, respec-
tively. After simple transformations, we obtain

Vi = v Ny + va N, + Na(f) (Ve —va) + NV(VC)(UC — Uy ).

Taking into account that N, = N and Ny, = (1 —
— x)N, where z is the molar fraction of alcohol in the
solution, we have

Ve =vw(l — )N 4+ vaaN + Néc) (Ve — va) +
+ N (ve — vy).
The parameter Z, = Ne(hc)/Na describes the fraction

of clustered alcohol molecules and determines the so-
lution volume V,

Ve =vw(l —2)N 4+ vaaN + Z,zN(ve — va) +
+ N (v, — vy).

As was done earlier in works [8, 9], the cluster
composition will be determined using the parameter

k= N&C)/Néc), i.e. the ratio between the numbers of
water and alcohol molecules in the clusters. Then, for

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 10



Qualitative Analysis of the Clustering

the number of water molecules that compose the clus-
tered component, we have NV(VC) = kNéC) = kZ,xN,
and, for the molar volume of the solution,

Ve=vw(l—2 —kZyx) +va(l — Za)x +
+ (14 k) Zyx. (1)

Accordingly, for the solution density, we obtain

~ my (1 =) +max
Ps = v, .

From whence, it follows that the clustering degree of
alcohol molecules satisfies the equation

My (1—x)+maz

Za — Ps
T ve(1+ k) — vy — vwk

— Ul — Vg (1 — )

(2)

Note that the clustering degrees of alcohol, Z,, and

water, Zy(x,T) = N /Ny, molecules are connected
by the relation

Zw(l —x) = Zyxk.

At the special solution point, according to Eq. (2),
Z, = 1, which confirms our basic assumption [8, 9]
that the solution is completely clustered at the special
point, and the parameter k equals

1—=x
k=—"2 (3)

Lp

The clustering degree of all solution molecules
equals

N+ N ZNu+ Z.Nk
Nyo+N,  Ng+N,

Zs =

=Z.,(1+k) Na

m = Za(]."‘k)x (4)

At the special point, Eq. (4) acquires the form Z; =
= Za(1 + k)x, = Z,, which is identical to that ob-
tained in works [8,9].

From the basic relations, it is easy to obtain a re-
lation for Z,, Z,,, and Z:

Zs = Zw(l —x)Z,x.

It should be emphasized that Z, and Z also depend
on the concentration and the temperature.
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Let us consider Eq. (2) more carefully. Taken
Eq. (3) into account, this formula reads

zp VE(2)
T VE(xp) B
VE(z) =V - Via,

VE(x)/x

Za = y
VE(zp) /[y

()

where V(z),Viq, and V, are the excess, ideal, and
real volumes of the solution, respectively. It should be
noted that Eq. (5) was obtained provided that the pa-
rameter k is constant and determined by formula (3).

Note that the concentration dependence of the
excess volume is most often approximated by the
Redlich-Kister formula [22, 23]

VE (1) Y AT P)(1 - 20

i=1

where A;(T, P) are functions of the temperature and
pressure. As a result, at * — 0, the ratio V¥(z)/x
has a finite value.

At the special point, the clustering degree of alcohol
achieves the maximum value: (0Z,/0z)pr = 0. Since

0Z, Tp _
or W[Uw — Dw] (6)

the extremum in the concentration dependence of Z,
is reached provided

(UW - UW)|w:wp =0,
where Ty, =V — 2(0V/0x)pr.

The calculation by formula (6) for aqueous
methanol solutions demonstrates a very satisfactory
agreement with the results obtained by a digital pro-
cessing of the derivative of expression (2). As was ex-
pected, the concentration dependence of the cluster-
ing degree becomes maximum at the special point.

Those facts confirm our assumption about the for-
mation of elementary clusters in methanol solutions
[6,24] with the ratio k = NV(VC)/NaC) ~ 5.06. But, for
the solutions of other alcohols, if the parameter k is
independent of the solution concentration, the results
of calculations by Egs. (6) and (2), as was done in
works [8,9], give incorrect values for x < ).

In works [8, 9], it was shown that Z, < 1 for
methanol solutions in the whole range of their con-
centrations. But for ethanol, there is a section in the
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concentration dependences of Z,, where Z, > 1. This
problem was overcome in works [8, 9] by introducing
the dependence of k£ on the solution concentration,

k(z) = {(1 —Zp)/Tp, T < TP,

1-x)/z, z>ux,.

Such a definition of the parameter k can be explained
by the fact that, in the concentration interval = > x,,,
clusters more complicated than elementary ones are
formed in the solution [6, 24]. In this case, only ele-
mentary clusters are formed in the aqueous solutions
of alcohols from methanol to butanol to the left of the
special point (z < x,) [6, 24]. This conclusion agrees
with the results of works [25-28].

In work [29], on the basis of purely geometric con-
siderations, a model was proposed for calculating the
molar volumes of non-electrolyte solutions, and some
other properties of those solutions were explained. In
particular, the value of the molar volume of the solu-
tion, V,,, was found to equal

(7)

Vi =vw + (( — 1oy, (8)

where ( is the number of water molecules displaced by
one non-electrolyte molecule from the framework of
hydrogen bonds without destroying its structure. In
particular, ( = 2 for methanol and { = 3 for ethanol
(at a temperature of 15 °C).

From Egs. (1) and (8), it follows that

e )

Vy Tp Vw w

¢ depends on the ratios between the molar volumes
of non-electrolyte and the clustered component, on
the one hand, and water, on the other hand. Fur-
thermore, like Z,, the parameter { depends on the
concentration and the temperature.

Table 1. {-values for aqueous
alcohol solutions at a temperature of 15 °C
in the concentration interval 0 < = < xp

Alcohol ¢
Methanol 2.06 < ¢ <2.10
Ethanol 2.94 < (<3.22
1-propanol 3.81 < ¢ <3.99
1-butanol 4.70 < ¢ <4.77
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In the case where all ethanol molecules become
clustered, i.e. Z, = 1, we find for the molar volume:

Vi = vw + [(ve/vw)/2p — k — 1oy

From a comparison of this expression with the
Malenkov formula (see work [29]), it follows that

L v
(=—2—F

Tp Vyw

Taking the temperature dependence of the ratio
v./Uy into account, we obtain that the parame-
ter (¢ increases linearly from 3.28 at 0 °C to 3.49
at 40 °C, which agrees satisfactorily with the re-
sults of work [29], where this parameter took the
value ¢ = 3 for the aqueous ethanol solution. Our
calculations showed that ( = 3.43 at a tempera-
ture of 15 °C.

Another condition, Z, = 0, is associated with the
value of ¢ from 3.17 to 3.28 in the temperature inter-
val from 0 to 40 °C. At 15 °C, ( =~ 3.22.

A similar calculation can also be done for water-
methanol solutions. In the temperature interval from
0 to 20 °C, (¢ changes from 2.02 to 2.07, which prac-
tically coincides with ¢ = 2 obtained in work [29]. In
the cited work, it was marked that the value of the
parameter ¢ has a value that is smaller than the ex-
pected one. The cited authors explained this by that
not all voids in the structure are occupied by water
molecules.

The calculation of the concentration dependence of
the parameter ¢ in the interval 0 < 2 < x,, using for-
mula (9) led to the ¢-values quoted in Table 1. From
the presented data, it follows that, at low concentra-
tions, there is a very satisfactory agreement of the
calculated ¢-values with the results of work [29].

In work [30], the average molar volume of the solu-
tion was determined using the formula

1
Ve L Lu, 4, + v,

10
——— (10)

K2

where ng,q 18 the number of molecular complexes,
and V,,q their molar volumes. This result is con-
sistent with ours (see Eq. (1)), if only the first con-
tribution is taken into account in the third term of
expression (10).
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3. Clustering Degrees in Aqueous
Solutions of Primary Alcohols Belonging
to the Homologous Series of Methanol

In what follows, we confine the consideration to
the primary alcohols from the homologous series of
methanol with concentrations in the interval to the
left from the special point x,,. We emphasize that the
important place in our approach belongs to the fol-
lowing assumptions:

1) the solution is completely clustered at the special
point;

2) in the indicated interval, the solution consists of
water, alcohol, and elementary clusters.

In order to compare the concentration dependences
of the clustering degrees in the aqueous solutions of
various alcohols, let us introduce the normalized con-
centration 2’ according to the formula

(11)

where x,, is the concentration of the aqueous solution
at the special point of the corresponding alcohol. The
further analysis of the concentration behavior of the
clustering degree of alcohols is performed according to
the density of their aqueous solutions: methanol [31],
ethanol [32], 1-propanol [33], and 1-butanol [34], de-
pending on the normalized concentration (see Fig. 1).

From Fig. 1, one can see that as the order number
of alcohol in the homologous series (from methanol
to 1-propanol) grows, the clustering degree of alcohol
molecules decreases toward 1-butanol, for which the
Z, ~curve (4) is located above curve 1.

The transition to higher-order members in the ho-
mologous series of monohydric alcohols is accompa-
nied by an increase in the interaction energy between
the alcohol molecules. Starting from a certain alco-
hol, the energy of the intermolecular alcohol-alcohol
interaction becomes comparable by magnitude with
the energy of the water-water and water-alcohol in-
termolecular interactions, which leads to the limited
solubility of alcohols in water. For instance, in works
[35, 36], it was shown that the solubility of the first
three alcohols (methanol, ethanol, and 1-propanol)
is unlimited. But starting from 1-butanol, all subse-
quent alcohols have a limited solubility [37] (see Ta-
ble 2). Tertiary butanol, which has an unlimited sol-
ubility in water at room temperature, is an excep-
tion [38].
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09 1

0.8 A

0.6 1

0.5 1

04

0 0.2 04 0.6 08
x

1

Fig. 1. Concentration dependences of the clustering degree
of alcohol molecules in aqueous solutions of primary alcohols
at a temperature of 15 °C: (1) methanol, (2) ethanol, (3) 1-
propanol, and (4) 1-butanol. The solution densities were taken
from [31] for methanol, [32]| for ethanol, [33| for 1-propanol,
and [34] for 1-butanol. The concentration is determined by
formula (11)

The exclusive position of 1-butanol solutions (see
Fig. 1), in our opinion, takes place due to the limited
solubility of this alcohol in water.

4. Clustering Degrees in Aqueous
Solutions of 1-Butanol and its Two Isomers

By the example of butanol, let us consider the man-
ifestation of isometry in the concentration depen-
dences of the clustering degree in the corresponding
aqueous solutions. According to experimental data

Table 2. Positions of the special
points in aqueous alcohol solutions, xp,
and the solubility of alcohols in water, xg

Alcohol Tp T
Methanol 0.1650 [10-13] Unlimited [35]
Ethanol 0.0742 [10-13] ”
1-propanol 0.0368 * ?
2-propanol 0.05* ?
1-butanol 0.0140 * 0.023 [35], 0.0191 [38]
2-butanol 0.0263 * 0.051 [38]
tert-butanol 0.0365 * Unlimited [35]

* Obtained in this work.
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Fig. 2. Dependences of the clustering degree of the molecules
of butanol isomers on the normalized concentration (see
Eq. (11)) in aqueous solutions at a temperature of 20 °C:
(1) 1-butanol, (2) 2-butanol, and (8) tert-butanol. The ex-
perimental density data were taken from works [27, 34, 39-42]
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Fig. 3. Concentration dependences of monohydric alcohols
at their special points on the order number ¢ in the homolo-
gous series: (1) methanol, (2) ethanol, (3’) 1-propane, (3") 2-
propanol, (4) 1-butanol, (4') 2-butanol, and (4’') tert-butanol.
The solution densities were taken from [31] for methanol (g =
= 1), [32] for ethanol, 33, 43] for 1-propane and 2-propanol,
[34] for 1-butanol, [39, 40, 44] for 2-butanol, and [41, 42] for
tert-butanol

for the density of the solutions, the clustering degrees
of alcohol molecules were calculated for 1-butanol,
2-butanol, and tert-butanol. The corresponding con-
centration dependences of the clustering degree Z, of
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alcohol molecules in their aqueous solutions are ex-
hibited in Fig. 2.

From the data shown in Fig. 2, it follows that the
transition from normal alcohol to the first and sec-
ond isomers leads to a reduction in the degree of al-
cohol clustering in the corresponding solution. In ad-
dition, one can see that the degree of clustering in
tert-butanol solutions is the lowest. The close values
of Z, for 1-butanol and 2-butanol are explained by the
structural similarity of the molecules of those isomers.

5. Position of Special
Points for Aqueous Solutions
of Monohydric Alcohols

Figure 3 illustrates the concentrations at the special
points of aqueous solutions of the first four alcohols in
the homologous series of monohydric alcohols. From
Fig. 3, it follows that, for the alcohols with larger or-
der numbers in the homologous series, the concentra-
tion at the special point z, decreases. Of particular
interest are the results for the propanol and butanol
solutions, which are characterized by the isometry.

Let acg(] ) denote the concentration at the special
point of the g-th alcohol and the j-th isomer in the
solution. From the data presented above, it follows
that the concentration differences for the isomers are
equidistant,

230 — 3@ A _ p2@) 5 A0 A0)

~ 0.01+0.013.

Note that we confined the analysis to the aqueous
solutions of four alcohols because of the lack of suf-
ficiently detailed experimental data (see, e.g., works
[45,46]).

6. Conclusions

1. The thermodynamic properties of aqueous alcohol
solutions are a result of the formation of a three-
component solution consisting of water and alco-
hol molecules, as well as clusters of the same type
composed of water and alcohol molecules. The most
stable are clusters with the composition CoH5OH-
12H50 and a formation enthalpy of 3.57kgT.

2. The clustering degree of the solution decreases
with the increasing order number of alcohol in the ho-
mologous series of monohydric alcohols (the methanol
series), which are infinitely soluble in water. Howe-
ver, the clustering degree increases significantly for
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1-butanol (from the same methanol series), which is
partially soluble in water.

3. By the example of butanol, the clustering degree

is found to decrease, when transiting to higher-order
isomers.

4. The special points of the alcohol isomers are

equidistant regardless of the order number of alco-
hol in the homologous series of monohydric alcohols
and the number of the isomer.

We are sincerely thankful to Academician Leonid

Bulavin for the support and encouragement of this
work, as well as to Profs. Mykola Malomuzh and Volo-
dymyr Gotsulskyi for fruitful and detailed discussion
of the results obtained.

10.

11.

. D.I. Mendeleev. Solutions (Izd. Akad. Nauk SSSR, 1956)

(in Russian).

. G. Landesen. Investigations of Thermal FExpansion of

Aqueous Solutions (K. Mattisen’s Printing Office, 1905)
(in Russian).

. A. Ladenburg. Lectures on the History of the Development

of Chemistry From Lavoisier to Our Time: With the Ad-
dition of an Essay on the History of Chemistry in Russia
by Acad. P. I. Walden (MATHESIS, 1917) (in Russian).

. C. Sanchez, M. Aguilar, O. Pizio. On the apparent molar

volume of methanol in water-methanol mixtures. Compo-
sition and temperature effects from molecular dynamics
study. Condens. Matter Phys. 23, 34601 (2020).

. G.C. Benson, O. Kiyohara. Thermodynamics of mixtures

of nonelectrolytes. I. Excess volumes of water-alcohol mix-
tures at several temperatures. J. Sol. Chem. 9, No. 10, 791
(1980).

. N.P. Malomuzh, E.L. Slinchak. The cluster structure of di-

lute aqueous-alcoholic solutions and molecular light scat-
tering in them. Russ. J. Phys. Chem. A. 81, 1777 (2007).

. N. Nishi, K. Koga, C. Ohshima, K. Yamamoto, U. Na~

gashima, K. Nagami. Molecular association in ethanol-
water mixtures studied by mass spectrometric analysis of
clusters generated through adiabatic expansion of liquid
jets. J. Am. Chem. Soc. 110, 5246 (1988).

. V.E. Chechko, V.Ya. Gotsulskyi. Qualitative analysis of

clustering in aqueous alcohol solutions. Ukr. J. Phys. 63,
521 (2018).

. V.E. Chechko, V.Ya. Gotsulskyi, T.V. Diieva. Qualitative

analysis of clustering in aqueous alcohol solutions II. Ukr.
J. Phys. 64, 143 (2019).

V.E. Chechko, V.Ya. Gotsulsky, M.P. Malomuzh. Peculiar
points in the phase diagram of the water-alcohol solutions.
Condens. Matter Phys. 16, 23006 (2013).

V.Ya. Gotsulskiy, N.P. Malomuzh, V.E. Chechko. Particu-
lar points of water—alcohol solutions. Russ. J. Phys. Chem.
A 89, 207 (2015).

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

V.Ya. Gotsul’skii, N.P. Malomuzh, M.V. Timofeev,
V.E. Chechko. Contraction of aqueous solutions of mono-
atomic alcohols. Russ. J. Phys. Chem. A 89, 51 (2015).
V.Ya. Gotsul’skii, N.P. Malomuzh, V.E. Chechko. Features
of the temperature and concentration dependences of the
contraction of aqueous solutions of ethanol. Russ. J. Phys.
Chem. A 87, 1638 (2013).

I. Langmuir. The distribution and orientation of molecules.
Colloid Symp. Monograph 3, 48 (1925).

N.A. Smirnova. Molecular Theories of Solutions (Khimiya,
1987) (in Russian).

N. Micali, S. Trusso, C. Vasi, D. Blaudez, F. Mallamace.
Dynamical properties of water-methanol solutions studied
by depolarized Rayleigh scattering. Phys. Rev. E 54, 1720
(1996).

Y. Zhong, G.L. Warren, S. Patel. Thermodynamic and
structural properties of methanol-water solutions using
nonadditive interaction models. J. Comput. Chem. 29, 142
(2008).

A. Geiger, F.H. Stillinger, A. Rahman. Aspects of the
percolation process for hydrogen-bond networks in water.
J. Chem. Phys. 70, 4185 (1979).

L. Dougan, S.P. Bates, R. Hargreaves, J.P. Fox, J. Crain,
J.L. Finney, V. Reat, A.K. Soper. Methanol-water solu-
tions: A bi-percolating liquid mixture. J. Chem. Phys.
121, 6456 (2004).

M. Ageno, C. Frontali. Viscosity measurements of alcohol-
water mixtures and the structure of water. Proc. Nat.
Acad. Sci. USA 54, 856 (1967).

M.N. Buslaeva, O.Ya. Samoilov. Thermochemical research
of the stabilization of water structure by non-electrolyte
molecules. Zh. Strukt. Khim. 4, 502 (1963) (in Russian).
O. Redlich, A.T. Kister. Thermodynamics of nonelectro-
lyte solutions-z-y-t relations in a binary system. Ind. Eng.
Chem. 40, 341 (1948).

O. Redlich, A.T. Kister. Algebraic representation of ther-
modynamic properties and the classification of solutions.
Industr. Eng. Chem. 40, 345 (1948).

L.A. Bulavin, V.Y. Gotsul’skii, N.P. Malomuzh,
V.E. Chechko. Relaxation and equilibrium properties
of dilute aqueous solutions of alcohols. Russ. Chem. Bull.
65, 851 (2016).

I'M IN. Zeltser. Mixing heat of ethanol-water solutions.
Ferment. Spirt. Promyshl. 4, 11 (1966).

D.D. Grinshpan, [.I. Lishtvan, A.A. Matveev. Associates
and azeotrope of water with ethanol. Vests. Nats. Akad.
Navuk Belarusi 4, 41 (2012) (in Russian).

Y.B. Monakhova, T.M. Varlamova, S.P. Mushtakova,
E.M. Rubtsova. Association in solutions of monoatomic
alcohols and their mixtures with water. Russ. J. Phys.
Chem. A 86, 380 (2012).

T. Fukasawa, Y. Tominaga, A. Wakisaka. Molecular asso-
ciation in binary mixtures of tert-butyl alcohol-water and
tetrahydrofuran-heavy water studied by mass spectrome-
try of clusters from liquid droplets. J. Phys. Chem. A 108,
59 (2004).

871



V.E. Chechko

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

G.G. Malenkov. Geometrical aspect of the stabilization
of the structure of water by nonelectrolyte molecules.
J. Struct. Chem. 7, 321 (1966).

I.N. Kochnev. Bulk effects in alcohol-aqueous solutions
Mol. Fiz. Biofiz Vodn. Sist. N 1, 19 (1973) (in Russian).
CRC Handbook of Chemistry and Physics. (CRC Press,
1962).

Tables for Determining the Content of Ethyl Alcohol in
Water-Alcohol Solutions (Izd. Standartov, 1972) (in Rus-
sian).

C. Dethlefsen, P.G. Sgrensen, A. Hvidt. Excess volumes
of propanol-water mixtures at 5, 15, and 25 °C. J. Solut.
Chem. 13, 191 (1984).

A.F. Cristino, L.C.S. Nobre, F.E.B. Bioucas, A.F.S. San-
tos, A.N. de Castro, I.M.S. Lampreia. Volumetric and
sound speed study of aqueous 1l-butanol liquid mixtures
at different temperatures. J. Chem. Thermodyn. 134, 127
(2019).

K. Kinoshita, H. Ishikawa, K. Shinoda. Solubility of al-
cohols in water determined the surface tension measure-
ments. Bull. Chem. Soc. Japan 31, 1081 (1958).
Solubility Data Series. Alcohols With Water, edited by
A.F.M. Barton. (Pergamon Press, 1984).

R. Stephenson, J. Stuart, M. Tabak. Mutual solubility of
water and aliphatic alcohols. J. Chem. Eng. Data 29, 287
(1984).

C.L. Yaws, J.R. Hopper, S.D. Sheth, M. Han, R.W. Pike.
Solubility and Henry’s law constant for alcohols in water.
Waste Manag. 17, 541 (1998).

F. Franks, H. T. Smith. Precision densities of dilute aque-
ous solutions of the isomeric butanols. J. Chem. Eng. Data
13, 538 (1968).

S.L. Outcalt, A. Laesecke, T.J. Fortin. Density and speed
of sound measurements of 1- and 2-butanol. J. Mol. Lig.
151, 50 (2010).

A. Hvidt, R. Moss, G. Nielsen. Volume properties of aque-
ous solutions of tert-butyl alcohol at temperatures between
5 and 25°C. Acta Chem. Scandinavica B 32, 274 (1978).

872

42. P.K. Kipkemboi, A.J. Easteal. Densities and viscosities of
binary aqueous mixtures of nonelectrolytes: tert-Butyl al-
cohol and tert-butylamine. Can. J. Chem. 79, 1937 (1994).

43. Fong-Meng Pang, Chye-Eng Seng, Tjoon-Tow Teng,
M.H. Ibrahim. Densities and viscosities of aqueous solu-
tions of 1-propanol and 2-propanol at temperatures from
293.15 K to 333.15 K. J. Mol. Lig. 136, 71 (2007).

44. M. Chauhdry, J. Lamb. Excess volumes of (2-butanol +
+ water) at pressures up to 220 MPa. J. Chem. Thermo-
dyn. 18, 665 (1986).

45. Y.-H. Pai, L.-J. Chen. Viscosity and density of dilute
aqueous solutions of 1-pentanol and 2-methyl-2-butanol.
J. Chem. Eng. Data 43, 665 (1998).

46. K. Zeménkova, D. Gonzélez-Salgado, E. Lomba, L. Roma-
ni. Temperature of maximum density for aqueous mixtures
of three pentanol isomers. J. Chem. Thermodyn. 113, 369

(2017). Received 22.12.20.

Translated from Ukrainian by O.I. Voitenko

B.E€. Yeuro

AKICHUM AHAJII3 KJIACTEPU3ALIIL
B CIIMPTOBO-BOJ/IHUX PO3YMHAX III

YV pob60Ti 06roBOPIOIOTHCsT OCOBIMBOCTI KJIACTEPU3AIT Y BOJHUX
po34YnHaX OAHOATOMHUX ciuupTiB. OCHOBHA yBara OKyCyeTbCs
Ha JleTajisdX KJlacTepHu3allil y BOJHUX PO3YMHAX IEPIINX YOTH-
PbOX CIHPTIB TOMOJIOTIYHOrO Py METaHOJIy Ta i3omepiB OyTa-
Hosty. IIpuiimMaeTbcst, 10 06’eM ejleMeHTapHOro KJiacTepa, BU-
SIBJISIETBCSI MEHIIIUM 33 CYMapHHUN MOJIEKYJISIDHUX 06’€MiB KOM-
[IOHEHT, 1[0 yTBOPIOIOTH Ieil KiracTep. BusHadeHo cTymiHb Kia-
crepusaliil BOAHUX pO34uHiB 3a TeMneparypu 15 °C y KoHIleH-
TpaliiHux iHTepBasax Bix 0 10 KOHHEHTparil, mo BifgIoOBiA-
a€ 0CcOBJIMBIM TOUI PO3YUHY KOHKpeTHOro cnuptTy. OTpumano
KOHIIEHTPAIfiHy 3ajIeKHICTb CTYIEHs KJacTepu3aliil BOJHUX
po3umHiB i30MepiB GyTanoisy 3a Temneparypu 20 °C.

Ka1vwo61i c.a06a: pO3YNHA, BOJA, OJHOATOMHI CIIMPTH, €Jie-
MeHTapHi KJIaCTepH, 0COOJINBA TOYKA.
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