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A comparison of the thermodynamic properties of a large number of aqueous and alcoholic binary systems has established
that the following properties are characteristic only of aqueous solutions: (1) negative enthalpies and entropies of mixing
at low non-electrolyte concentrations; (2) negative partial molar entropies and enthalpies of water at moderate concentra-
tions. The first property is evidence of the stabilisation of the water structure when the vacancies are filled. The second
implies that the solution has a microheterogeneous structure owing to the presence in it of ordered regions {globules). The
problem of the nature of the globules and their cooperative properties is discussed.
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1. INTRODUCTION

Concepts have recently developed as to the nature of the
changes in the structure of water under the influence of a
non-electrolyte dissolved in it. They reduce to the
assertion that, when the vacancies in the water skeleton
are filled by a non-electrolyte, the water structure is
stabilised.  This view explains various effects arising
when small amounts of non-electrolytes are dissolved in
water: the decrease of the self-diffusion coefficient, com-
pressibility, and ion hydration and the increase of viscosi-
ty 15, The filling of the vacancies in the water structure
also accounts for the minima in the partial molar volumes
of the non-electrolytes ® and the anomalous variation of the
solubility of gases 798 and certain other sparingly soluble
substances®.

207
208
21

Despite the abundance of studies and available data, we
believe it useful to attempt to approach the problem of
stabilisation from a purely thermodynamic standpoint
without invoking beforehand any specific models of the
water structure. Although the thermodynamic properties
of aqueous non-electrolyte solutions have been discussed
by Morachevskii 1°»1! and Franks 12,13, we believe that one
can proceed somewhat further by comparative analysis of
the properties of aqueous and alcoholic binary systems.
Only such analysis will make it possible to isolate the
properties characteristic of aqueous solutions and justify
the necessity for hypotheses concerning the collective
interactions in aqueous systems, Using the method of
comparative analysis, we shall also discuss, apart from
stabilisation, the characteristics of the behaviour of
aqueous solutions in the microheterogeneous region
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(moderate concentrations of the non-electrolyte). In
view of the inadequate treatment of this problem in the
literature, here we will go beyond the framework of the
thermodynamic description and will put forward a molecu-
lar mechanism for the phenomenon,

Sufficient experimental data have now been published to
make such comparative analysis possible. However, it
should be noted that, in the interpretation of the results
obtained, most workers employ excess thermodynamic
functions (with the usual notation HE, SE, and GE) and not
the functions of mixing (#M, SM, and GM), We believe
that such an approach is useful only when the system
deviates little from ideal behaviour., For the alcoholic
and aqueous solutions discussed below, this is known not to
be the case., Here it is simpler to interpret directly the
functions of mixing. Moreover, these functions can be
used to assess the tendency of the solutions to form sepa-~
rate phases. In the present study we will therefore
employ exclusively the thermodynamic functions of mixing.
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Figure 1. Enthalpy of mixing at 25°C for various systems:
a) 1) ethyl alcohol—n-hexane; 2) n-propyl alcohol—n-hex-
ane; 3) n-octyl alcohol—n-hexane; 4) isopropy!l alcohol—
n-hexane415; p): 1) methyl alcohol—acetone; 2) ethyl
alcohol—acetone; 3) isopropyl alcohol—acetone;

4) s-butyl alcohol—ethyl methyl ketone 1416; ¢): 1) pyri-
dine—carbon tetrachloride; 2) dioxan—carbon tetrachlo-
ride; 3) 3,5-dimethylpyridine—carbon tetrachloride !7»',

2. LOW NON-ELECTROLYTE CONCENTRATIONS

The nature of the phenomena occurring in aqueous solu-
tions at low (up to a mole fraction of 0.1) and moderate
non-electrolyte concentrations is significantly different.
Therefore in a comparative analysis of aqueous and
alcoholic systems it is desirable to consider these two
concentration ranges separately,

Russian Chemical Reviews, 40 (3), 1971

a. Enthalpy and Entropy of Mixing in Alcoholic Systems

At first sight it appears that the addition of any non-
polar liquid to lower alcohols should lead to positive
enthalpies of mixing HM, since dilution of an associated
liquid leads to the dissociation of some of the hydrogen
bonds, This view is justified for systems of the alcohol—
hydrocarbon type (Figs. 1a and 2) and also for systems of
the alcohol~ketone type (Fig. 16), although one cannot
exclude a priori the possibility that hydrogen bonds are
formed between alcohols and ketones. For this reason,
the finding that the mixing of lower alcohols with carbon
tetrachloride, a classical inert solvent, at fairly low tem-
peratures leads to negative values of HM, indicating a
powerful interaction between the alcohol and carbon tetra-
chloride (Fig, 3), is all the more surprising. This
increase of HM cannot be accounted for by the interaction
of carbon tetrachloride with the hydrocarbon “tail” of the
alcohol, since, first, on passing to higher alcohols, FM
increases and becomes positive (Figs. 3a and 36) and,
secondly, HM for the mixing of hydrocarbons with carbon
tetrachloride is positive?3. The increase due to the
van der Waals interaction between carbon tetrachloride
and the proton of the OH group is evidently also impossi-
ble, since the replacement of a strong hydrogen bond by a
van der Waals interaction cannot lead to an energy gain.
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Figure 2. Thermodynamic functions of mixing for various
systems:
a) ethyl alcohol—cyclohexane!?; b) ethyl alcohol—methyl-

cyclohexane 2°,

Thus only one explanation remains: the increase of M at
low carbon tetrachloride concentrations in aleohol is due
to powerful van der Waals interactions between carbon
tetrachloride molecules and the p-orbitals of the alcohol
oxygen atoms not involved in hydrogen bonding, Each
alcohol molecule has two possibilities of forming a hydro-
gen bond via oxygen and only one via hydrogen. Thus even
in a completely self-associated alcohol each of its mole-
cules retains on average one possibility of forming an
additipnal hydrogen bond. Since hydrogen bonds in alco-
hols do not form a three-dimensional network but lead to
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chain or ring structures24-27, the carbon tetrachloride
molecule can come into contact with the oxygen atom of the
alcohol without affecting the hydrogen bond, The validity
of this explanation is confirmed by the negative value of
HM in dioxan—carbon tetrachloride and pyridine— carbon
tetrachloride systems (Fig. 1c). On the other hand, the
large increase of H™ in the methanol—chloroform system
(Fig. 4a), due to the formation of a hydrogen bond between
chloroform and the alcohol, is evidence of the absence of
steric hindrance to van der Waals interaction between car-
bon tetrachloride and the oxygen atom of the alcohol.
Another system where an increase of HM jg observed
below —50°C is ethanol—toluene (Fig.5a). Probably this
effect can also be accounted for by ready van der Waals
interaction between the benzene ring and the oxygen atom,
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Figure 3. a) Thermodynamic functions of mixing for the
methyl alcohol—carbon tetrachloride system?!s22; §) enthal-
py of mixing in the n-octyl alcohol—carbon tetrachloride
system 22,

The above data allow the following conclusions to be
drawn: the sign and magnitude of HM in alcoholic systems
can be various and are determined by the characteristics
of the interaction of the alcohol with the second component
in each specific case. In contrast to the enthalpy, the
entropy of mixing in all the systems considered shows the
same behaviour and is positive §.

b. Entropy and Enthalpy of Mixing in Aqueous Solutions

Fig.5b6 and Figs, 6—11 present the heats of mixing for
various binary aqueous systems. A characteristic feature
of all these curves is the negative sign of HM at low con-
centrations of the second component (and at sufficiently low

T There is no need to quote SM curves for all the sys-
tems in support of this assertion, since the entropy of
mixing cannot be negative if #M > 0 (by virtue of the
relation 7SM = FM —GM and GM < 0)." The positive
sign of SM for systems with HM < 0 is illustrated in
Figs. 3a and 4a.
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temperatures). Moreover, the enthalpy of mixing is
negative also for the dissolution in water of aliphatic and
aromatic hydrocarbons and even the inert gases %%,

Thus one may assert that the dissolution in water of the
majority of non-electrolytes takes place with evolution of
heat, This behaviour is an important property of aque-
ous systems and sharply distinguishes them from the alco-
holic solutions discussed above.
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Figure 4. The methyl alcohol—chloroform system at
35°C: a) the_rﬂodynamic functions of mixing2!; &) partial
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We shall now attempt to discover the reasons for such
behaviour of HM in the specific example of the water —ace-
tone system. If the energy gain on mixing the two liquids
is regarded as the result of only the pair interactions between
their molecules, the negative value of ™" can be accounted
for in two ways: (1) the formation of a hydrogen bond
between acetone and water; (2) powerful van der Waals
interaction between acetone and water.

However, the first hypothesis must be immediately
rejected. Indeed, the formation of a hydrogen bond
between acetone and water is possible only at the expense
of the dissociation of the stronger water —water hydrogen
bond; moreover, HM for the mixing of acetone with alco-
hols is positive (Fig. 16) and it would be difficult to under-
stand why acetone associates with water but not with alco-
hols. This explanation is also unsatisfactory because it is
not universal and is not applicable, for example, to the
dissolution of hydrocarbons and noble gases in water.

The second explanation, based ona powerfulvander Waals
interaction, requires a more detailed examination. In
the first place it is necessary to resolve the difficulty
mentioned above: the different signs of M in the dissolu-
tion of acetone in alcohols and water. The overall heat of
solution of acetone consists of the energy loss resulting
from the interactions between the molecules of the solvent
and the energy gain from the interactions between the sol-
vent and acetone, However, the energy differences
between the water —water and alcohol—alcohol interactions
are not very great; the same may be said of the alcohol—
acetone and water —-acetone interactions. Therefore, in
order to account for the negative sign of ™ in water, it
is necessary to postulate that there is no large positive
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contribution to M due to water —water dissociations, We
arrive at a similar conclusion by considering other aque-
ous solutions, Consequently this phenomenon is not
caused by the properties of the non-electrolyte but the
characteristics of the water structure, i.e. it is necessary
to assume that water contains fairly large cavities
(vacancies) which accommodate non-electrolyte molecules
on dissolution.
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Figure 5. Thermodynamic functions of mixing for
various systems:

a) ethyl alcohol—toluene® (continuous line—HM; dashed
line—GM ); b) water —pyridine at 20°C 28,

The existence of cavities, which is a distinctive feature
of the structure of water, may be confirmed by considering
the partiaMnolar enthalpies of non-electrolytes on infinite
dilution H H,0" In the majority of the systems examined

(Figs. 56, 6—9, and 11) aM H,0 amounts to 1—3 kcal mole-!

in absolute magnitude. Th1s exceeds by several hundred
cal mole~! not only the values of H }VIO observed in systems

with powerful van der Waals interaction between the com-
ponents [for example, carbon tetrachloride—dioxan, car-
bon tetrachloride—pyridine, and carbon tetrachloride—
methanol (Figs. 1c and 3a)], but even the HMO in certain
systems with hydrogen bonds [for example, ’chloroform—
dioxan?%, chloroform—acetone 38, and chloroform—metha-
nol (Fig. 4a)]. Clearly such a large negative heat change
could be accounted for by van der Waals interactions only
if it is assumed that water —water bonds are not dissociated
on mixing,

However, it is doubtful if these large heat changes are
completely determined by van der Waals pair interactions.
Indeed, comparison of the values of H H,0 on dissolution

in water of alcohols, ketones, hydrocarbons and the inert
gases shows that the heat change is virtually independent
of the polarity of the second component although a depen-
dence would be expected for van der Waals interactions,
The inadequacy of the hypothesis of van der Waals
interactions alone becomes evident when the entropy of
mixing is considered. Comparison of Figs.5b and 6—11
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shows that SM is as a rule negative for all aqueous sys-
tems at low concentrations of the second component and at
low temperatures, while for all other liquids (see, for
example, Fig. 1—4 and 5a) SM jg positive even if the
mixing is exothermic, The negative sign of SM is an
important characteristic of aqueous solutions, which dis-
tinguishes them from other binary systems.

Nevertheless, when water and a non-electrolyte are
mixed, a positive contribution to the entropy of the system
appears, as for any other two liquids, owing to the inter-
change of molecules of water and of the second component.,
The van der Waals interaction between the components
leads to a decrease of SM compared with S%‘g but its sign

still remains positive. These considerations are fully
confirmed by experimental data: we are not aware of a
single system without hydrogen bonds where a negative
entropy of mixing is observed.

A negative contribution to entropy in the pair interac-
tion between species can arise only if they form a com-
plex, say via hydrogen bonding. However, we have
already rejected this possibility for water —non-electrolyte
systems, Therefore one must assume that the negative
entropy of mixing in these systems is not caused by pair
interaction between water and non-electrolyte molecules,
but by collective changes in the water structure towards
greater order. In such a process the enthalpy of the sys-
tem should also fall (AH = AG + TAS < 0) which makes a
contribution to the heat change, additional to the van der
Waals interactions. All these collective phenomena have
come to be referred to as the stabilisation of the water
structure. The energy gain on stabilisation implies that
the dissolution in water of small amounts of non-electro-
lytes does not lead to the dissociation of some of the
hydrogen bonds, as in all other highly self-associated
liquids, but in fact results in the formation of a certain
number of water —water hydrogen bonds or in their
strengthening {.

Although the conclusion that the concept of stabilisation
must be introduced is not based on any particular model
of the water structure, it is useful to illustirate the
significance of this term with reference to a specific
model, for example that of Samoilov 3%, according to
which water consists of molecules forming an ice-like
framework blurred by thermal motion and of molecules
partially filling the vacancies in the framework. When
a non-electrolyte is added to water, it enters the
cavities within the framework (without dissociating the
hydrogen bonds or disrupting the van der Waals water —
water interactions) and displaces some of the “cavity”
water molecules to the framework, since by filling part of
the cavities it displaces the dynamic equilibrium between
the “cavity” and “framework” water molecules 4, Since
this involves the formation of new water —water hydrogen
bonds, the enthalpy of mixing should be negative. On the
other hand, the transfer of some water molecules to the
more ordered phase (the framework) leads to a negative
entropy of mixing.

The water —pyridine system requires special considera-
tion. Although here too negative values of SMare
observed (Fig. 5b), they cover an unduly wide concentra-
tion range. One cannot postulate that the effect associated

{ The effects associated with stabilisation should evi-
dently decrease with temperature owing to the breakdown
of the water structure. This is in fact observed
(Figs. 7 and 9).
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with stabilisation can be observed up to a pyridine concen-
tration of 50 mole %, where the water structure is certain-
ly disrupted. Probably the explanation of the negative
values of SM for this system consists in the fact that
pyridine forms very strong hydrogen bonds with water.
Indeed, HM for this system is high and negative over the
entire pyridine concentration range. This explanation is
also confirmed by vibrational spectra »%3, Probably the
behaviour of thermodynamic functions in the water —di-
methyl sulphoxide #»%¥ and water —diethylformamide sys-
tems % should be explained similarly.
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The stabilising effect of the non-electrolyte entering
the cavities in the water structure should be reduced with
increase of the non-electrolyte concentration. This
accounts for the characteristic S shape of the plots of SM
and ™ in aqueous systems against concentration: the
negative contributions to SM and HM owing to stabilisation
are replaced at high non-electrolyte concentrations by
positive contributions from the dissociation of water —water
hydrogen bonds. =t would be extremely interesting to
establish the concentration corresponding to maximum
stabilisation or, what amounts to the same thing, to the
optimum filling of the cavities, _ The minima in #M, SM,
or the excess partial volume VI-I are usually compared

with this concentration. However, there is a difficulty
here. If the stabilising effect of the non-electrolyte and
the disruption of the structure are described by fairly
smooth concentration functions, the extrema in HM, 5

and VH need not coincide, since they are a consequence of

the superposition of different functions varying in the
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opposite sense. Then the significance of the term “maxi-
mum stabilisation” becomes extremely indefinite. This
situation in fact obtains. For example in the water —
dioxan system at 25°C a minimum in the excess partial
volume of dioxan is observed at a non-electrolyte mole
fraction of 0,04,% while the minima in H* and S™ occur
at mole fractions of 0.13 and 0.12 respectively (Fig. 6a).
The extrema in all the functions should coincide only when -
the stabilisation varies sharply with concentration; for
example, when one can speak of the exact instant when the
cavities are filled. However, in such a case it would be
necessary to seek additional explanations of the observed
differences in the positions of the extrema, This dilemma
cannot be resolved solely on the basis of thermodynamic
data. The first view appears more prudent. Having
adopted it, one can assume that the stabilising effect of the
non-electrolyte hardly extends beyond concentrations
where its mole fraction is 0.10—0.15,

Summarising the above discussion, one may assert
that (1) at low non-electrolyte concentrations aqueous solu-
tions exhibit unique properties, which consist in the fact
that, regardless of the nature of the second component,
the entropy and enthalpy of mixing are negative and (2)
these facts provide evidence of a collective stabilisation
of the hydrogen bond lattice on addition of a non-electrolyte
to water due to an increase in the energy of the hydrogen
bonds or in their number,

3. MODERATE CONCENTRATIONS

We shall now consider the behaviour of the thermody-
namic functions of mixing for non-electrolyte concentra-
tions corresponding to a mole fraction of 0.2 and above,
i.e, in the region where the water structure is disrupted.
In the first place we must note that the G™ —concentration
curve has sections with low curvature, which are particu-
larly distinct in the water —dioxan system for dioxan mole
fractions in the range 0.25—0.6 (Fig.6a). These indicate
that the system tends to form two layers, i.e. microheter-
ogeneity of the structure of the solution, Such behaviour
of GM is not in itself an exclusive characteristic of aque-
ous mixtures, since sections with low curvature on GM—y
curves are encountered fairly frequently in binary systems
with positive deviations from ideality (see, for example,
Figs.2, 3a, 4a, and 5a). The particular properties of
aqueous solutions are shown in the unusual behaviour of
the partial enthalpies and entropies of mixing in the region
of microheterogeneity, namely (1) in all s%/sltems (with the

exception of water — methanol mixtures) 7 and
3 M water

water are negative over a considerable concentration

range at not unduly high temperatures (see Fig, 65; simi-
lar behaviour follows from Figs. 56 and 6—11) and (2) in a
series of aqueous systems there is a rigorously linear
relation between HM and concentration with corresponding
horizontal sections in H%Vl—x curves (Figs. 6, 7a, and 9b)§.

The first characteristic is indeed an exclusive
property of aqueous solutions. In all the non-aqueous
systems examined, the partial molar entropies of mixing
of both components always proved to be positive, We
succeeded in finding only one system which is an excep-
tion to this rule, namely methanol—chloroform (Fig. 46).

§ The linearity of the HM —x relation has been
established very reliably, Thus in the water —dioxan
system 7 experimental points lie on a straight line?® and
in the system water —t-butyl alcohol 5 points 32,
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M TM :
Here, the negative values of H meth and S meth €20 evi-

dently be explained by the formation of hydrogen bonds
between methanol and chloroform, which can occur without
the dissociation of alcohol—alcohol hydrogen bonds, i.e. the
reason for the anomalous behaviour of the thermodynamic
functions for this system consists in the unusual nature of
the proton donor—acceptor properties of the alcohol, to
which attention has already been drawn in the first section
of the review, Thus the negative partial entropy of
mixing is typical only for aqueous systems and therefore
must be associated with the characteristics of the water
structure.
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The retention of the negative sign of Hevﬁater and Swater
over a wide range of concentrations, up to a non-electro-
lyte mole fraction of 0.7, is evidence of the existence in
solution at these concentrations of regions where water
molecules exhibit a fairly high degree of order. Indeed,
by definition, the partial molar entropy of water is the
entropy of mixing of a large volume of solution at a given

concentration with one mole of water, If the solution is a
homogeneous mixture of association complexes of water

and the non-electrolyte, the degree of order in water
should decrease when it is added to the solution, since
water —non-electrolyte complexes are weaker than water —
water complexes. Contrary to € Mxperlment, this leads to
positive values of r and S water® Consequently we

are obliged to attribute to this solution a microheteroge-
neous structure which contains regions (globules) where
water exists in an even more ordered state than in pure

water. When the a(Med water eMers these regions,

negative values of 5 o and Hypier are in fact obtained.
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However, in a heterogeneous system of this kind there is
another possable mechanism leading to the negative signs
of gwat er 2nd AM, M (e’ the added water can displace the

equilibrium between the globules and the disordered phase

towards the former., Therefore the assertion that

globules are more ordered than pure water is not justified.
We must emphasise that the conclusion that ordered

regions (globules) exist in aqueous solution is a fact. It

foll s logically from two factors: (1) the negative sign

of gwater and H 40 2nd (2) the assertion that water —

non-electrolyte association complexes are less stable than
the water —water complexes. The first is an experi-
mental fact in the systems investigated; the validity of
the second follows from the endothermic heat of solution
of water in pure electrolytes (n-propyl alcohol, t-butyl
alcohol, acetone, and dioxan) and has also been demon-
strated spectroscopically for the case where the non-elec-
trolyte is acetone or dioxan %3, According to this
reasoning, we are not justified in assuming that the glob-
ules are present in the water —pyridine system, where

the second factor does not apply ¥»%, and in alcohol—non-
electrolyte systems, where the first factor does not hold.
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alcohol systems %2,

We shall now examine the nature of the ordered globules
in aqueous solutions. Here we cannot afford to remain at
the factual level and must proceed to hypothetical consider-
ations. The following situation is extremely probable.

We have seen that a small amount of non-electrolyte leads
to definite changes in the water structure, which entails a
gain in stabilisation energy as a result of the collective
interactions of water molecules. When the electrolyte
begins to disrupt water —water hydrogen bonds after filling
the cavities, a continuous disintegration of their three-
dimensional lattice proves to be more difficult than the
fragmentation of the water structure into fairly large
structured regions in which collective stabilisation is still
possible. In other words, at moderate concentrations the
electrolyte can be more readily accommodated in the
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interstices between the globules. Then a kind of separa-
tion into different phases takes place in the solution: into
the “phase” of structured water which contains also a
small amount of non-electrolyte (for example in the
cavities within the structure) and a disordered “phase”
consisting of non-electrolyte molecules and individual
water molecules associated with them. We shall refer to
such separation into microphases as microlayer formation.
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Figure 9. Thermodynamic functions of mixing for various
systems:

a) n-propyl alcohol—water 1°; 5) t-butyl alcohol—water 32,

It is important to emphasise yet again that the reason
for the formation of globules is the energy gain due to the
collective interactions of water molecules and made pos-
sible by the particular structure of the globulesY. The
presence of stabilisation energy implies that the globules
are thermodynamically stable species and cannot be
regarded as fluctuations. Therefore the microlayer for-
mation described here is a very special case of the tendency
of solutions to form separate phases, which is usually
understood as resulting from the development of concen-
trations fluctuations,

We shall now attempt to explain the significance of the
second characteristic of the behaviour of the thermody-
namic functions of mixing of aqueous systems in the region
of microlayer formation. The constancy of the partial
enthalpies can be most simply accounted for if it is
assumed that the non-electrolyte (or water) added to the
system always enters an identical molecular environment,
which happens, for example, in true phase separation. In
the case of microlayer formation, this condition will be
fulfilled if the composition of the microphases (globules
and disordered regions of the solution) remains constant
in the concentration range considered. The composition

1 We shall not specify the mechanism of the collective
interaction. Frank %%  who was the first to introduce
the hypothesis of the globules (in pure water), believed
that this involved the mutual polarisation of water mole-
cules, leading to a strengthening of the hydrogen bonds.
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of the microphases should then correspond to the boundary
points of the linear section in the HM plot. For example,
in the water —dioxan system the microphases have the
composition (in mole fractions) 0.25 dioxan + 0,75 water
and 0.6 dioxan + 0.4 water,
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Figure 10, Thermodynamic functions of mixing for
various systems:

a) n-butyl alcohol—water and s-butyl alcohol—water at
60°C '° (dashed line—layer formation region); b) water —
butane glycol33,

However, the constancy of the composition of the
microphases in microlayer formation is not yet sufficient
to ensure the linearity of the variation of #M, In addition,
one must assume that, when the concentration of the solu-
tion changes, the dimensions of the globules remain con-
stant and only their number changes. Indeed the enthalpy
of the system considered consists of three terms: (1) the
enthalpy of the molecules in the disordered phase; (2) the
enthalpy of the molecules in the globules; (3) the enthalpy
of the interaction of these two “phases”. If it
is assumed that the dimensions of the globules change, the
last two terms will not vary linearly with concentration and
special hypotheses are necessary to ensure the linearity
of their sum. At the same time the constancy of the
dimensions of the 1\flobules automatically entails the
linearity of the HM —x relation, Such constancy does not
appear strange if account is taken of the above hypothesis
that the microphases have constant composition. It
therefore follows that, when the concentration of the solu-
tion is altered, the molecular environment of the globule
remains unchanged. Only the distances between the
globules alter, and this should not affect their dimensions.

It is also possible to account for the constancy of the
composition of the microphases. The constancy of the
composition of the globule is associated with the limited
number of the cavities in it. On the other hand, the con-
stancy of the composition of the second “phase” is ensured
by the fact that, when the concentration of water in it
exceeds a certain critical value, a new globule separates.
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This becomes understandable if we recall that the dimen-
sions of the globules remain constant in the region of
microlayer formation, i.e. the globule decomposition
processes and hence the globule formation processes are
cooperative,

The suggested hypothetical mechanism explains in a
natural manner why microlayer formation is revealed
more clearly by HM than by GM: the curvature in the plot
of GM arises from the entropy of mixing, which contains a
non-linear contribution from the exchange of the micro-
phases, This factor makes it possible to estimate roughly
the number of molecules in the globule. It it is assumed
that the dimensions of both microphases are equal, the
maximum energy of their exchange is Sjq/v, where Siq is
the maximum entropy of mixing of the ideal solution and v
is the number of molecules in the globule, This quantity
must be set equal to the maximum deviation of the SM
relation (or, what amounts to the same thing, the GM/ T —x
relation) from linearity in the region of microlayer forma-
tion. For the three systems water —dioxan, water —-ace-
tone, and water —t-butyl alcohol, v is approximately
40—80 molecules.
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Figure 11. Thermodynamic functions of mixing for
various systems:

a) water — ethyl methyl ketone at. 20°C34; 5) water—cyclo-
hexanone at 20°C 3¢ (dashed line—layer formatxon region).

The ex%erlmental finding that the excess volume of the
solution VE is not a linear function of concentration in the
region of microlayer formation¥ (in contrast to true phase
separation) is also consistent with our microlayer forma-
tion model. The point is that the free volume in the
packing of particles of different kinds makes a significant
contribution to V&, It is reasonable to suppose that the
free volume in the packing of two different microphases in
aqueous solution differs from the free volume in the
packing of water and non-electrolyte molecules. This in
fact leads to the non-linearity of the VE—x relation.

Thus, at moderate concentrations aqueous solutions
also show unusual properties, which must be attributed
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to the presence in the solution of regions with a high degree
of order (globules). Globules probably arise from the
mutual stabilisation of water molecules and probably
possess (over a concentration range) cooperative prop-
erties,

REFERENCES

1. V. Matyash and V.I, Yashkichev, Zhur, Strukt,. Khim.,
5, 13 (1964),

2, L V Persianova and V.V, Tarasov, Izv. Vys, Ucheb,
Zaved., Khim. i Khim, Tekhnol., 3, 4 (1960).

3. M.N. Buslaeva and O. Ya. Samoilov, Zhur. Strukt.
Khim., 4, 502 (1963).

4, P.S. Yastremskii and O. Ya. Samoilov, Zhur. Strukt.
Khim., 4, 844 (1963).

5. K.A., Valiev and M. P. Emel'yanov, Zhur.Strukt. Khim.,
5, 7 (1964).

6, V A, Mikhailov, Zhur,Strukt.Khim., 9, 397 (1968).

7. G.G.Malenkov, Zhur, Strukt.Khim., 7, 331 (1966).

8. S.A, Shchukarov and T. A, Tolmacheva, Zhur.Strukt.
Khim., 9, 21 (1968).

9, V.A, M1kha110v Zhur, Strukt. Khim., 2, 677 (1961).

10, A.L Altsybeeva, V. P.Belousov, and A G.Morachev-
skii, Symposium, “Khimiya i Termodinamika
Rastvorov” (The Chemistry and Thermodynamics of
Solutions), Izd. Leningrad.Gos. Univ., 1964, No. 1

11. E,P.Sokolova, N.A.Smirnova, and A.G.Morachevskii,
Symposium, “Khimiya i Termodinamika Rastvorov”
(The Chemistry and Thermodynamics of Solutions),
Izd. Leningrad. Gos. Univ., 1968, No. 2,

12, F.Franks and D,J.G.Ives, Quart Rev., 20, 1 (1966).

13. F.Franks, in “Physico- Chemlcal Processes in Mixed
Aqueous Solvents” (Edited by F. Franks), Heinemann
Educational Books, London, 1967,

14. S,Murakami, K.Amaya, and R. Fujishiro, Bull. Chem.
Soc. Japan, 37, 1776 (1964),

15. J.Brown, W, Fock, and F.Smith, Austral.J.Chem.,
17, 1106 (1964)

16, “Tekhmcheskaya Entsiklopediya” (Technical Encyclo-
paedia), Izd.Sovetskaya Entsiklopediya, Moscow,
1932, Vol.7, pp.350—351.

17, LR, McKinnon and A,G.Williamson, Austral.dJ.
Chem,, 17, 1374 (1964),

18, K.W.Morcom and D, N. Travers, Trans, Faraday
Soc., 62, 2063 (1966),

19. G.Scatchard and F.G. Satkiewicz, J. Amer.Chem,
Soc., 86, 130 (1964).

20. S.C.P.Hwa and W.T, Ziegler, J.Phys.Chem., 70,
2572 (1966).

21, E.A,Moelwyn-Hughes and R, W, Missen, J.Phys.
Chem., 61, 518 (1957).

22, J.-E.A,Otterstedt and R.W.Missen, Trans, Faraday
Soc., 58, 869 (1962).

23. J.R.Goates, R.J.Sullivan, and J. B, Ott, J.Phys.
Chem,, 63, "589 (1959).

24, M, Magat, m “Hydrogen Bonding” (Edited by Hadzi),
Pergamon Press, London, 1959,

25, W.H. Zachariasen, J.Chem. Phys,, 3, 158 (1935).

26, W.,H.Pearce and D.P.McMillan, J.Amer.Chem. Soc.,
60, 779 (1938).

27, M. Magat and C. Brot, Izv. Akad, Nauk SSSR, Ser. Fiz.,
24, 10 (1960).

28, M. Woycxcka and Z.Kurtyka, Bull, Akad. Polon. Sci.,
Ser.Sci. chim,, geol., geog., 13, 469 (1965),

29. J.R.Goates and R. J, Sullivan, J.Phys, Chem., 62,

188 (1958).



Russian Chemical Reviews, 40 (3), 1971

30,
31,
32.
33.

34,

35,

36,
31,

38.
39,

V.P. Belousov and E. P, Sokolova, Vestnik Leningrad.
Gos. Univ,, Ser. Fiz.Khim., No, 16, 90 (1966).
E, P.Sokolova and A.G. Morachevskii, Vestnik

Leningrad.Gos.Univ., Ser.Fiz.Khim., No,16, 110(1967),

J.Kentamaa, E.Tommila, and M. Martti, Ann. Acad.
Sci. Fennical, A2, 3 (1959).

G. Scatchard and G. F. Satkiewicz, J.Amer, Chem.
Soc., 86, 133 (1964).

E, P.Sokolova and A, G. Morachevskii, Vestnik
Leningrad. Gos. Univ., Ser. Fiz,Khim., No. 22, 98
(1967).

G. Nemethy and H. A, Scheraga, J. Chem, Phys., 36,
3401 (1962).

R. A, Pierotti, J. Phys.Chem,, 69, 281 (1965).

M. L. McGlashan and R, P, Rastogi, Trans, Faraday
Soc., 54, 496 (1958).

E.R.Kearns, J.Phys.Chem., 65, 314 (1961).
O.Ya.Samoilov, “Struktura Vodnykh Rastvorov
Elektrolitov i Gindratatsiya Ionov” (The Structure of
Aqueous Electrolyte Solutions and Ion Hydration), Izd.
Akad. Nauk SSSR, Moscow, 1957,

40,
41,

42,
43,
44,
45,
46,
41,

48,
49,

215

V. A.Mikhailov, Zhur, Strukt.Khim,, 8, 189 (1967),
V.A,Mikhailov and L. I Ponomareva, Zhur. Strukt.
Khim., 9, 12 (1968),

Yu. I, Naberukhin and 8. I. Shuiskii, Zhur, Strukt.
Khim., 8, 606 (1967).

E,Greinacher, W, Liittke, and R. Mecke, Z.Elektro-
chem. 59, 23 (1955).

J.Kenttimaa and J.J. Lindberg, Suomen Kem.,
33(2)B, 32 (1960).

J. M. G. Cowie and P, M. Toporowski, Canad.J. Chem,,
39, 2240 (1961).

E.N. Vasenko, Dokl, L'vov, Politekh, Inst., 1, 84
(1955).

H.Schott, J.Chem, Eng.Data, 6, 19 (1961),

H.S. Frank, Proc. Roy. Soc. A 247, 481 (1958).

H.S. Frank, Fed.Proc., 24, S-1 (1965),

Institute of Chemical Kinetics
and Combustion, Novosibirsk



