ARCHIVES OF ACOUSTICS
14, 3—4, 217-229 (1989)

MOLAL VOLUME AND COMPRESSIBILITY
OF AQUEQUS NON-ELECTROLYTE SOLUTIONS
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The measurements of ultrasonic velocity and of density in aqueous solutions of 20
non-electrolytes were carried out. From the obtained results isentropic compressibility.
apparent molal volumes and apparent molal compressibilities were calculated. The changes
of these parameters with the change of concentration of the non-clectrolytes confirm the
model of hydration of non-electrolytes suggested previously on the basis of ultrasonic
velocity measurements in binary and ternary systems. ‘

1. Introduction

Physico-chemical properties of aqueous solutions of non-electrolytes are subject
of numerous papers published in recent years. The reason for such great interes in
this group of substances are their anomalous concentration dependent changes of
a number of physico-chemical parameters such as: molal volume, heat capacity,
viscosity coefficient, activity coefficient, diffusion coefficient, ultrasonic velocity and
compressibility, ultrasonic absorption coefficient and others. In spite of very many
data collected in this subject there has not been so far a uniform theory describing all
these phenomena.

In previous studies [1—4] of hydration of non-electrolytes, in which the measure-
ments of the ultrasonic velocity in binary and ternary aqueous systems were applied,
a model of the hydration of these substances in aqueous solutions was presented. It is
assumed in this model that molecules of non-electrolytes are built into the structure
of water in such a way that hydrophobic groups of these molecules occupy cages
(voids) of this structure, and hydrophilic groups of these molecules occupy nodes of
the lattice of water where they replace a certain number of water molecules. It is also
assumed in this model that hydrophilic groups such as —OH, —NH,, —CONH,,
—C0, —O— and others have a negative contribution to the total hydration of
a non-electrolyte and that this contribution is expressed by a number of water
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molecules replaced by these groups at nodes of the lattice. Hydrophobic groups
(alkyl groups), on the other hand, have a positive contribution to the total hydration
and this contribution is expressed by a number of water molecules that surround an
alkyl group. The total hydration is an algebraic sum of the both contributions.

The results obtained with other techniques such as: volumetric, calorimetric,
viscosimetric, dielectricc NMR, IR and Raman spectroscopy confirm the above
described model. On the basis of these results it may be concluded that with
the hydrophobic (positive) hydration of alkyl groups of alcohols, ketones, amines,
amides and their N-alkyl derivatives are connected the following effects: egzothermic
effect of dissolving of a non-electrolyte, negative excess of partial molal volume,
positive excess of partial molal heat capacity, positive excess of viscosity coefficient,
positive excess of activity coefficients of a non-electrolyte and water, negative excess
of diffusion coefficients, and others. Negatively hydrated molecules e.g. molecules of
urea and formamide show the effects opposite to the above listed ones ie.
endothermic effect of dissolving, positive excess of partial molal volume of
a non-electrolyte, negative excess of heat capacity and the others. In many cases the
concentrations of non-electrolytes at extrema are comparable with those obtained
from ultrasonic velocity measurements. In the paper [4] a qualitative analysis of
literature data on this subject was carried out, for it was impossible to make
a quantitative comparison of the obtained values of hydration numbers with the
values obtained with the other techniques ie. to verify the suggested model of
hydration, because of the lack of numerical data for some of the examined
substances.

This paper is one of the attempts undertaken to verify the suggested model of
hydration of molecules of electrolytes, non-electrolytes as well as macromolecules. It
presents the results of measurements of apparent molal volumes and compres-
sibilities of 20 non-electrolytes showing either ‘positive or negative hydration.

2. Relations between density and/or ultrasonic velocity and partial molal thermodynamic parameters
of solute

Any partial molal quantity is éxpressed with:

oF
F:= (5) | )
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In the case of a binary solution, partial molal quantities of a solute and of a solvent
are expressed by the following partial derivatives:
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In order to determine partial molal quantities it is necessary to know apparent molal
quantities, and these can be obtained experimentally.
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In generally any apparent molal quantity of a solute is defined by the following
equation:

PF, = (F"'"lF(l))/"z 4)

where F is an extensive quantity for a solution, FY{ is a respective molal quantity for
a solvent, n, and n, are numbers of moles of a solvent and of a solute, respectively.
The relatlon between @F, and F, can be obtained by dlfferentaatmg eq. (4) with

respect to n,: .
oF, oF,
F, = OF +(61 ) - F2+(Blnm) (5)

where m is a molality (m/kG solvent).
For dilute solutions molal concentration can be replaced by molar concentration,
¢, and then eq. (5) changes into:

JF
F,=® —2).
2 F2+(alnc) (6)

At the limiting concentration, when ¢ — 0
F) = &FY. 7

Some researchers are of the opinion that no physical sense can be ascribed to the
partial molal quantities and that these are only mathematical quantities because for
example negative partial molal volume has no physical sense. According to the
author it is not the right opinion. Physical sense can be ascribed to these quantities
when molecules of a solute are considered together with molecules of a solvent
solvated with a solute. Then, for example negative partial molal volume is a measure
of a decrease in the volume of solvent molecules in solvation sheath as compared to
the volume of solvent molecules which are not influenced on by solute molecules.

Apparent molal volume of the solute @ V, is defined by:

DV, = (V—n,V))/n,, (8)

where Vis a volume of the solution containing n, moles of the solvent and n, moles
of the solute. V{ is a partial molal volume of the solvent.
Apparent molal compressibility of the solute @K, is expressed by:

ok, = (“22) = 6,V -mba VO o)
P /S

where B, and p,, are isentropic compressibilities of a solution and of solute,
respectively.
Using experimental results, ¢V, and ®#K, can be calculated from the following
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relations:
oV, = %tdo—m% (10)
oK, = %m—mwy v, (1)
8=, (12

where d and d,, are densities of the solution and of the solvent, respectively, u is the
velocity of ultrasound, m is the molality (m/kG solvent), and M, is the molecular
weight of the solute.

_In liquid binary systems the principle of additivity of the above parameters is not
always fulfilled: the expression (®F,— @F9) is a measure of the deviation from this
principle.

3. Experiment

All the examined substances: methanol, ethanol, n-propanol, tert.-butanol,
ethylene glycol, 1,2-propylene glycol, 1,3-butylene glycol, 2,3-butylene glycol, glyce-
rol, acetone, 1,4-dioxane, etylene glycol monoacetate, methoxyethanol, formamide,
hydrazine. N-methylformamide. acetamide. dimethylformamide. dimethylsulphoxide
and urea were of analar grade. Triple-distilled water was used throughout.

Density measurements were carried out with use of a pycnometer and of
a vibrating tube densimeter [5, 6]. Ultrasonic velocity measurements were carried
out by the pulse-phase method [7] and by the “sing around” method [8—10]. The
temperature of measurements was 25°C. For the density measurements with the
vibrating tube densimeter as well as for ultrasonic velocity measurements with the
“sing around” gauge the solutions were thermostated to an accuracy of +0.001°C,
for the other measurements to +0.02°C.

The results of the measurements are presented in Fig. 1—13 and in Table 1.

4. Discussion

The results of the density measurements of the examined substances in solutions
of the water are presented in Fig. 1 —4 in the form of dependences of (¢ V,—@ V)
on molar fractions of the non-electrolytes.

For the majority of the examined non-electrolytes typical curves with minima were
obtained. Only for urea, formamide, hydrazine and glycerol these dependences have
no minima and within the studied concentration range the values of (@V, — ®Vy) are
positive. The measured densities and the calculated values of (@V, — ®VY) at different
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Fig. 1. Dependence of excess of the apparent molal
volume of non-electrolytes @ ¥,~@ ¥, on the molal
fraction of solute: I — urea, 2 — formamide, 3 — hyd-
razine, 4 — N-methylformamide, 5 — acetamide.
6 — dimethylformamide
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Fig. 3. Dependence of excess of the apparent molal

volume of non-electrolytes @ V,~@ ¥ on the molal

fraction of solute: I — ethylene glycol, 2 — 1,2-pro-

pylene glycol, 3 — 2,3-butylene glycol, 4 - 1,3-buty-
lene glycol, 5 — glycerol
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Fig. 2. Dependence of excess of the apparent molal
volume of non-electrolytes @ V,—® V)’ on the molal
fraction of solute: 1 — methanol, 2 - ethanol,
3 n-propanol. 4  t-butanol
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Fig. 4. Dependence of excess of the apparent molal
volume of non-electrolytes @ V,~@ V' on the molal
fraction of solute: I — acetone, 2 — 1,4-dioxane,
3 — methoxyethanol, 4 — etylene glycol mono-
acetate, 5 — dimethylsulphoxide
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non-electrolyte concentrations are in good agreement with the literature data for
amides [6, 11-197, alcohols [20-30], urea [15, 31], acetone [12, 17], methaxyethanol
[17], dimethylsulphoxide [14, 32] and dioxane [33].

The results of the isentropic compressibility measurements are presented in Fig.
5-8 in the form of dependencies of isentropic compressibility on molar fractions of
the non-electrolytes.
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Fig. 5. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes B, on the
molal fraction of solute: 1 — urea, 2 — formamide, 3 — hydrazine, 4 — N-methylformamide, 5 — acetamide,
6 — dimethylformamide

Ps 10%rem?ayne”']

0 al 02 a3 Kmote

Fig. 6. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes j, on the
molal fraction of solute: I — methanol, 2 — ethanol, 3 — n-propanol, 4 — t-butanol
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Fig. 7. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes 8, on the
molal fraction of solute: I — ethylenc glycol. 2 1.2-propylene glycol, 3 - 2,3-butylenc glycol,
4 1.3-butylene glyeol, 5 glycerol
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Fig. 8. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes f§, on the

molal fraction of solute: 2 — 14-dioxane, 3 — methoxyethanol, 4 — ethylene glycol monoacctate,
5 - dimethylsulphoxide

6 — Arch. of Acoust. 3-4/89 [223]
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The dependencies f,vs kno. have typical minima for those of the examined
non-electrolytes for which also volumetric dependencies have minima. For hyd-
razine, urea, formamide and glycerol compressibility of the solutions decreases with
an increase in concentration the whole examined range of concentration; for ethylene
glycol the compressibility shows a slight minimum at 0.4 molar fraction.

Isentropic compressibility of the solutions of the examined non-electrolytes
attains minimum at the same concentration (within the limits of experimental error),
at which ultrasonic velocity attains maximum [4].

Densitometric measurements do not allow for accurate determination of the
concentrations of minima of volumetric curves bacause of small changes in
(®V,—@ V) with changes in concentration in contrast to ultrasonic velocity
measurements , which allow for far more accurate determination of the concent-
rations of the maximum velocity. A comparison of the estimated concentrations of
the minima of the volumetric curves with the concentrations of the maxima of the
velocity curves and the minima of the compressibility curves is presented in Table 1.
These concentrations are expressed with a number ,,n” corresponding to a number of
moles of water per 1 mole of non-electrolyte. This number was previously defined as
hydration number.

As can be seen in Table | these numbers are comparable (within experimental
error) for the majority of the examined substances. Only for N-methylformamide,
methoxyethanol and acetone the difference between the numbers are higher than the
experimental error.

Table 1. Values of hydration numbers n obtained from measurements of ultrasonic velocity u [4].
isentropic compressibility f, and apparent molal volume VY,

Hydration number n
Compound
, u [4], B, oV,
1
methanol 52 s
ethanol 8.4 8542
n-propanol 19.9 1942
tert-butanol 22,6 2442
ethylene glycol 14 (B) 442
1,2-propylene glycol 44 95+4
1,3-butylene glycol 38 9.5+4
2,3-butylene glycol 6.9 (B) 11.5+4
N-methylformamide 4.5 13+4
acetamide 24 5542
N,N-dimethylformamide 38 6.5+2
acetone 10.7 17+4
methoxyethanol- 6.5 25+4
1.4-dioxane 8.7 1x2
ethylene glycol monoacetate 10.5 : 1042
dimethylsulphoxide 34 442
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In the presented model of hydration of electrolytes, non-electrolytes and of
macromolecules it was assumed that in a mixture water — non-electrolyte velocity of
ultrasound attains its maximum at such a concentration of a non-electrolyte at
which all the cages (voids) of the structure of water are occupied by hydrophobic
groups of the non-electrolyte and a certain number of nodes of the water lattice are
occupied by hydrophilic groups connected with neighbouring water molecules with
hydrogen bonds. With an increase in temperature the lattice structure of water
undergoes destruction the number of cages decreases, and the amount of “free” water
not connected tetrahedrically with neighbouring molecules increases. This results in
an decrease of the concentration of a non-electrolyte at which ultrasonic velocity
attains maximum value. In order to determine the nature of changes of parameter
n (obtained volumetrically) with changes of temperature and to compare it with
values of n obtained from acoustic studies, the measurements of density and velocity
of ultrasound in the.temperature range 5 —40°C in aqueous solutions of tert.-butanol
were carried out. Tert.-butanol was chosen for this test because it shows considerably
big changes in its concentration, which allows for precise determination of the
concentration of minimum_ volume and compressibility. The results of these
measurements are presented in Fig. 9. In Fig. 9b selected data are also given [23]. As
can be seen in Fig. 9¢ the values of n obtained from volumetric measurements are
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Fig. 9. Temperature dependence of ultrasonic velocity a) excess of the apparent molal volume @ V, - @ V2°
b) and hydration number c) from the aqueous solution of f-butanol
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similar to those obtained from acoustic measurements. Also the nature of the
changes with temperature is similar. This constitues a very good confirmation of the
assumed model of hydration since there is no other interpretation of the effect that
the non-electrolyte concentration at which certain physical parameters attain
extrema decrease in temperature. Similar values of n at different temperarures
obtained with two different techniques also confirm that the assumptions are correct.
A similar opinion on the interpretation of this effect can be found in many other
papers [16, 21, 34-39].

In Fig. 10-13 the dependences of apparent molal compressibility of solute on
molar fraction of a non-electrolyte are presented. For all the examined
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Fig. 10. Dependence of the apparent molal com-  Fig. 11. Dependence of the apparent molal com-

pressibility @K, of non-electrolytes on the molal
fraction of solute; 1 — urea, 2 — formamide, 3 — hy-
drazine, 4 — N-methylformamide, 5 — acetamide,

pressibility K, of non-electrolytes on the molal
fraction of solute: ! - methanol, 2 - ethanol,
3 — n-propanol, 4 — t-butanol

6 — dimethylformamide

non-electrolytes ®K, is positive in contrast to negative values of @K, obtained for
electrolytes [40]. These negative values are an effect of electrostriction, which is
a result of interactions of ions and water molecules surrounding them.

The observed changes of ®K, with an increase in concentration are relatively
high for those non-electrolyte which have high positive values of hydration number
n, which results from hydrophobic hydration of a non-electrolyte. For urea,
hydrazine, formamide, ethylene glycol and glycerol the changes of ®K, with
concentration are considerably lower, and at higher concentrations ¢K, for urea,
hydrazine and formamide are practically constant. This prove once more that
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Fig. 12. Dependence of the apparent molal com-  Fig. 13.-Dependence of the apparent molal com-

pressibility K, of non-electrolytes on the molal pressibility K, of non-electrolytes on the molal

fraction of solute: 1 — ethylene glycol, 2 — 1,2-pro-  fraction of solute: 2 — 14-dioxane, 3 — metho-

pylene glycol, 3 — 2,3-butylene glycol, 4 — 1,3-buty-  xyethanol, 4 — ethylene glycol monoacetate, 5 —
lene glycol, 5 — glycerol dimethylsulphoxide

physico-chemical properties of this group of substances are different from those of
the rest of the non-electrolytes. This difference in physico-chemical properties was
among others a basis for assuming that these substances exhibit negative hydration.
The above listed substances are counted into the group of substances named after
FrANKS [34] hydrophilic substances in which hydrophilic interactions have a decisive
influence on the properties of whole molecules. The hydrophilic interactions manifest
themselves through formation of hydrogen bonds between hydrophilic groups and
water molecules. These bonds are formed most easily between hydrophilic group and
closest water molecules if such a group is located an empty node of water lattice,
because this leads to the smallest disorder in the original structure of water.
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