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PECULIARITIES IN THE ESTABLISHMENT
OF EQUILIBRIUM STATE IN DILUTED AQUEOUS
SOLUTIONS OF GLYCEROL

1. Introduction

The dynamics of the thermodynamic equilibrium establishment in the aqueous solutions of
alcohols in a vicinity of specific points is studied on the basis of dilute aqueous solutions of
glycerol. At the molar fractions of alcohol x ~ 0.05, the systems concerned reveal characteristic
anomalies testifying to the presence of structural phase transitions. However, the unreliable re-
producibility of anomalous light scattering, a phenomenon typical of aqueous alcohol solutions,
makes this conclusion debatable. In this work, it was shown that the parameters of aqueous
glycerol solutions, which are determined with the help of light scattering phenomenon, become
stable only in a certain time interval after the solution preparation. The typical dimensions of
optical non-uniformities, the coefficients of scattered light depolarization, and the asymmetry
of scattering indicatriz have been found as functions of the time elapsed since the solution
preparation.

Keywords: anomalous light scattering, dilute alcohol aqueous solutions, glycerol, thermo-
dynamic equilibrium.

where V7 and V5 are the initial volumes of solution
components, Vi, is the solution volume, x the molar

The concept of special points for solutions was intro-
duced for the first time by D.I. Mendeleev, while an-
alyzing the concentration dependences of the ethanol
aqueous solution density [1]. In particular, a special
point was found at low concentrations of the ethyl
alcohol solution in water, which corresponds to the
alcohol mole fraction 2 = 0.077 (i.e., 1 molecule
of CoH5OH per 12 molecules of HyO). One of the ex-
amined parameters of binary solutions is the so-called
contraction, which is defined by the relation
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fraction of alcohol in the solution, and 7" the temper-
ature. In works [2, 3], it was shown that the contrac-
tion curves corresponding to various temperatures in
the interval from —5 to +40 °C intersect at the con-
centration z = z(®), which is just the special point
determined by D.I. Mendeleev.

The available body of information in the litera-
ture contains plenty of mismatching data concern-
ing the properties of aqueous solutions of other alco-
hols, in which the anomalous scattering of light was
or was not revealed in a vicinity of alcohol concen-
trations lower than 0.1 mol/l [4-28|. Numerous re-
searches showed that the features of light scattering
in alcohol aqueous solutions depend not only on the
experimental conditions, but also on the procedure
of solution preparation. For instance, Vuks et al. [24]
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observed an extra peak at low alcohol concentrations
in the concentration dependence of light scattering,
with the vacuum distillation of tret-butyl alcohol in
water being used for the preparation of the spec-
imen. Beer and Jolly [28] detected a similar maxi-
mum at low concentrations of tret-butyl alcohol in
water only after the solution had been heated up to
+70 °C, with the indicated peaks of different inten-
sities being observed depending on the purity of so-
lution components. Note that some authors did not
reveal any additional maximum in the concentra-
tion dependence of the scattered light intensity. For
instance, when reproducing the procedure of solu-
tion preparation described in work [28] by Vuks’ col-
laborators, the expected phenomenon has not been
observed [25].

Such an ambiguous reproducibility of experimen-
tal results invoked some scepsis among researchers
with respect to this effect. Note, however, that ex-
perimenters paid almost no attention to the pro-
cedure of specimen preparation in the majority
of studies. In work [4], it was demonstrated that
the procedure of solution preparation affected not
only the intensity of the additional light scatter-
ing peak, but even the capability of its observa-
tion. Roschina [29] showed that the coefficient of
light scattering in alcohol solutions after their prepa-
ration can monotonously decrease by a factor of 2
to 5 within several days under certain experimental
conditions.

In work [26], the temperature dependences of the
light scattering coefficient and the scattering indi-
catrix asymmetry in the aqueous solutions of ter-
tiary butanol were determined. It was shown that
the parameters of light scattering in as-prepared so-
lutions did not coincide at the same temperature if
the solutions were heated up or cooled down. The
indicated dependences became reproducible only af-
ter several “heating—cooling” cycles. Unfortunately,
neither the rate of temperature variation nor the
number of required cycles were reported in that
work.

In works [4, 24, 28|, the extra peaks in the con-
centration dependences of the light scattering in-
tensity were detected after a long heating of the
solution. The cited authors associated them with
the formation of submicronic non-uniformities in
the solution. This conclusion affected the discus-
sion of results obtained in the works carried out
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within several next years. In particular, in work
[30], the methods of dynamic light scattering were
used to determine the correlation times at anoma-
lous light scattering in aqueous solutions of tret-
butanol. The correlation functions were shown to
be characterized by two correlation times, which
are different from each other by two or three
orders of magnitude (7 = 6.5 X 107°s and ™ =
=2 x 1072 s). After the solution had been filtered
out at low temperatures, large non-uniformities
disappeared.

The asymmetry of a light scattering indicatrix,
which results from optical non-uniformities, whose
size is comparable with the incident radiation wave-
length, was observed in the aqueous solutions of
other non-electrolytes as well [26, 31]. The corre-
sponding dimensions of optical non-uniformities de-
termined with the help of correlation spectroscopy
methods amounted to about 80 A. The authors of
works [31-33| paid attention that, irrespective of the
specimen preparation procedure, the anomalous light
scattering is stabilized after a certain time interval,
which in terms of phase transition physics can be
called the latent period 7,4 [34]. This characteristic
time considerably exceeds the characteristic molecu-
lar times and can be compared only with the dwell
time of supersaturated solutions in the metastable
state [35]. Note that, in the case where a new phase
is formed, the parameter 7,4 varies from about 1 h
to about 1 year depending on experimental condi-
tions. At the same time, in our case, the period of
thermodynamic stabilization amounted to about 24 h
and more.

This work aimed at studying the processes of
thermodynamic equilibrium establishment in glyce-
rol aqueous solutions. For this purpose, the following
characteristics were studied:

(1) the characteristic times of processes and the
characteristic dimensions of optical non-uniformities
in the aqueous solutions of glycerol with the use of
dynamic light scattering;

(2) the time dependences of the scattered light de-
polarization coefficient in the prepared solutions;

(3) the time dependences of the angular asymmetry
of the light scattering indicatrix in glycerol aqueous
solutions;

(4) the influence of the homogenization degree in a
glycerol aqueous solution on the processes of equilib-
rium state establishment.
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2. Experimental Results

By carrying out the experiment on the dynamic light
scattering [36, 37] in glycerol aqueous solutions, we
studied the behavior of the correlation function for
the light scattering intensity,

@ _ TOI()

.
exp —%
(C)

4mn
where D is the diffusion coefficient, ¢ = Y sin 3 is
0

the scattering wave vector, © the scattering angle, A
the incident radiation wavelength, and n the refrac-
tive index of the solution. Then, using the formula
[36]

=14 exp(—2Dg*7) =
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where 7 is the coefficient of dynamic viscosity, 7¢ =

= D& is the correlation time obtained from Eq. (2),
kg is the Boltzmann constant, and T the solution
temperature, we determined the characteristic size of
optical non-uniformities.

In Fig. 1, the dependences of the dimensions of op-
tical non-uniformities in the aqueous solutions of glyc-
erol as functions of the time elapsed since the solution
preparation moment are depicted, which were deter-
mined with the use of dynamic light scattering. One
can see that, at the glycerol concentration in the so-
lution x = 0.048, which is close to that, at which the
additional peak at the light scattering is revealed, an
abnormal increase in the dimensions of optical non-
uniformities is observed. In particular, the dimen-
sions of optical non-uniformities grow in time, and,
after ten hours, they are stabilized in all examined
solutions.

We also studied the variation dynamics for an-
other optical characteristic of the solutions, namely,
the coefficient of scattered light depolarization, A =
= I /I}. In work [26], as well as in our experiments,
the light scattering intensity was changed consider-
ably during some time interval after the solution com-
ponents had been mixed. In this connection, in our
further experiments, we did not analyze the depolar-
ized, I{,{ , and polarized, I“; , components of the in-
tegral scattered light intensity within an hour after
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Fig. 1. Dependences of the optical non-uniformity dimensions
in aqueous solutions of glycerol on the time elapsed since the
solution preparation at a temperature of 20 °C for various mo-
lar fractions of glycerol x = 0.031 (1), 0.055 (2), and 0.048
(3). The non-uniformity sizes were calculated using Eq. (2)

the specimen preparation. Note that work [39] con-
tains no optical data for a time period of 2 h after
the specimen preparation.

The obtained dependences of the scattered light
depolarization coefficient in the glycerol aqueous so-
lutions on the time elapsed since their preparation
are exhibited in Fig. 2. It should be noted that the
solution concentration, at which the coefficient of
light depolarization is maximum, does not coincide
with the concentration, at which the anomalous light
scattering is maximum. Really, at a temperature of
10 °C, the maximum of the depolarization coefficient
A = I /IV is observed at the mole fraction of glyc-
erol in the solution z = 0.035, whereas the maximum
of the anomalous light scattering occurs at the con-
centration z(®) = 0.046.

From Fig. 2, it is evident that, if the mole frac-
tion of glycerol in the water-glycerol system is low,
the equilibrium state is attained slowly. The sta-
ble value of depolarization coefficient was reached
in about ten hours after the solution had been pre-
pared. Solid curves in Fig. 2 demonstrate the results
of experimental data smoothing. Although the spread
of intensity values is considerable, we shall demon-
strate below that it reveals certain regularities. The
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Fig. 2. Dependences of the scattered light depolarization co-
efficient in an aqueous solution of glycerol on the time elapsed
since the solution preparation at a temperature of 10 °C for
various molar fractions of glycerol in the solution: x = 0.031
(1), 0.035 (2), and 0.046 (3). Solid curves demonstrate the
results of the mathematical smoothing of the data. Curve 3
corresponds to the anomalous light scattering

0 05 10 15 24

Fig. 3. Angular asymmetry of the light scattering indicatrix as
a function of the time elapsed since the preparation of glycerol
aqueous solutions by the ultrasonic mixing for various molar
fractions of glycerol in the solution: z = 0.047 (1), 0.035 (2),
and 0.056 (3)
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figure also testifies that, if the experiment is car-
ried out after a substantial time interval and a sub-
sequent averaging is done, some processes can be
overlooked and the experiment errors can be overes-
timated.

It should be noted that the determination of non-
uniformity dimensions using formula 2 can turn out
incorrect, to some extent. Really, if the scattering oc-
curs at structural fluctuations in the solution, it is not
quite correct to estimate the size of non-uniformities
as the size of Brownian particles, which is typical of
the dynamic light scattering method. It is so because,
in this case, the correlation time can be governed by
the lifetime of such fluctuations.

As was done in work [26], in order to estimate
the time of the stationary state establishment in
the solution in a vicinity of the special point, we
used the Debye theory [38], which was proposed for
the description of critical phenomena in the solu-
tions of low-molecular liquids and polymers. When
approaching the critical stratification temperature,
the light scattering has to be accompanied by an an-
gular asymmetry of the scattering indicatrix, which
can be evaluated with the help of the parameter
Z = I4y50 /11350, where I450 and I350 are the inten-
sities of light scattered at angles of 45° and 135°,
respectively. The applicability of the Debye theory,
while studying the anomalous light scattering, was
proved in work [26].

The values obtained for the coefficients of light
scattering angular asymmetry in the concentration in-
terval of the anomalous light scattering really showed
that the growth of the scattering intensity is con-
nected with the transformation of the Rayleigh scat-
tering to the scattering with the angular indica-
trix strongly elongated forward. Since it was ear-
lier demonstrated that the transition of the solu-
tions into the thermodynamic equilibrium state is
rather long, we measured the angular asymmetry
of the light scattering, Z = Iy50/I1350, as a func-
tion of the time ¢ elapsed since the solution prepa-
ration. In Fig. 3, the corresponding dependences are
shown for three aqueous solutions of glycerol with
different concentrations in vicinities of their special
points.

The calculation of the characteristic size L of light
scatterers at the angles of 45° and 135° carried out,
following the method of work [38], gave rise to a maxi-
mum non-uniformity size of about 400 nm. This value
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is comparable with the radiation wavelength of a He—
Ne laser (632.8 nm ) used in our experiment.

The constant value of parameter Z was established
within 24 h. In Fig. 3, those equilibrium values are
shown by points to the right from the discontinu-
ities of curves. The analysis of this figure shows that,
at the first stage after the solution preparation, the
angular asymmetry of the scattering indicatrix sub-
stantially depends on both the solution concentra-
tion and the time t. However, every curve demon-
strates maxima, the magnitudes and time positions
of which are different. In our opinion, such a compli-
cated behavior of Z(t) can be explained as a manifes-
tation of the diffusion mixing processes, which take
place after the dispersion of the solution at its prepa-
ration. Therefore, we made additional experiments
to study the time dependences of the light scatter-
ing parameters at various methods of solution dis-
persion.

3. Influence of Solution
Homogenization on the Processes
of Equilibrium Establishment

When preparing the solutions, we used both the
ordinary mechanical mixing and the ultrasonic dis-
persion. For the ultrasonic-assisted mixing, an UP-
1 apparatus with a frequency of 40 kHz and a
power of 200 W was used. When dispersing, hermet-
ically sealed specimens were embedded into a wa-
ter bath in the working chamber of a device, ar-
ranged there at the standing-wave antinode, and
held for 2 min. The degree of solution dispersion
was monitored with the help of a similar chamber
filled with a two-phase water—oil mixture. Two min-
utes of the ultrasonic treatment turned out enough
for both the direct and inverse water—oil emul-
sions with non-uniformity dimensions of 1 pym to
be formed in the reference specimen. The dispersion
sizes were monitored using the dynamic light scatte-
ring [36, 37].

Irrespective of the method used to mix the solution
components, the optical parameters of the anoma-
lous light scattering in glycerol aqueous solutions
measured in about 24 h after their preparation had
approximately identical values. In Fig. 4, the time
dependences of the depolarization coefficient L for
light scattered in the glycerol aqueous solutions at
the concentration and the temperature correspond-
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Fig. 4. Time dependences of the scattered light depolariza-
tion coefficient in water—glycerol solutions prepared by the ul-
trasonic dispersion (1) and the mechanical mixing (2). In both
cases, the glycerol mole fraction is x = 0.046, and the temper-
ature equals 10 °C

ing to the anomalous light scattering are depicted
for various methods of mixing of the specimen. One
can see that the oscillatory behavior of L(t), espe-
cially at the initial stages of equilibrium establish-
ment, are considerably enhanced in the case of ul-
trasonic dispersion, with the corresponding size of
spatial non-uniformities being equal to approximate-
ly 1 pm.

In our opinion, the processes of equilibrium state
establishment in the solutions in the interval of spe-
cial points of a solution can be associated with both
the diffusion homogenization of solutions and the es-
tablishment of structure in the indicated solutions. In
the case of the ultrasonic mixing of solution phases,
the size spread is much smaller, which is evidently
responsible for a sharper shape of curve 1 in com-
parison with that of curve 2 in Fig. 4. The equilib-
rium value of parameter L is attained in 24 h both
at the ultrasonic and mechanical mixings of the spec-
imen.

4. Conclusions

1. With the help of two optical methods — namely, the
dynamic light scattering and the scattered light depo-
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larization — the dimensions of optical non-uniformities
in glycerol aqueous solutions are determined. It is
shown that those dimensions substantially differ from
one another. In particular, according to the results of
researches of the scattered light angular anisotropy,
the characteristic dimension reaches 400 nm, whereas
the hydrodynamic radius of optical non-uniformities
determined from the results of the dynamic light scat-
tering amounts to 80 nm.

2. Optical non-uniformities and the resulting ano-
malous light scattering are formed during a long time
interval (of an order of 24 h) and do not depend on the
homogenization degree of the solution at the initial
stage after the preparation.

3. The behavior of the time dependences of the
light scattering optical characteristics can be ex-
plained by the simultaneous action of several phys-
ical processes: the diffusion homogenization of the
solution and its structuring on the nano- and, at the
anomalous light scattering, submicron scales.

4. The ambiguity in the literature data concerning
the optical properties of alcohol aqueous solutions can
be explained by rather a long process of thermody-
namic equilibrium establishment in the examined so-
lutions.

The authors express their profound gratitude to
Prof. M.P. Malomuzh for his attention to the work
and detailed discussion of all results obtained.
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JI.A. Byaasin, B.A. loyyavcvrud, B.E€. Yeuko

OCOBJIMBOCTI BCTAHOBJIEHHSI
PIBHOBA>KHOI'O CTAHY B PO3BABJIEHIX
BOJHNX PO3YNHAX I'VJIIHEPUHY

Peszwowme

Pobora mpucsaueHa JOCHiIKEHHIO JUHAMIKH BCTaHOBJICHHS
TepMOJMHaMIYHOI piBHOBaru y BOJHUX PO3YMHAX CIUPTIB B
OKOJIi 0COBIMBUX TOYOK Ha IPHUKJIAAI PO30ABIEHUX BOAHUX PO3-
quHiB ryiinepuny. [Ilpu konnenrpanisx x ~ 0,05 mosbHOT yac-
TKHU COUPTY B TAKUX CHCTEMAaX BUSBIISIOTHLCS XapaKTEPHI aHO-
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Mautil, 1110 JO3BOJISIE TOBOPUTH IIPO HASIBHICTH CTPYKTYPHUX (da-
30BuUX nepexosiB. IIpore, HegocTaTHS BiATBOPIOBAHICTH OXHO-
ro 3 XapaKTEPHUX SIBUI Y BOJHUX PO3YMHAX CIUPTIB, a ca-
Me — aHOMAaJIBHOT'O PO3CisIHHS CBiT/Ia, CTUMYJIIOBaJIa YHCJIEHHI
nuckycil. B pobori mokasaHo, 110 napaMeTpu BOSHUX PO3UHMHIB
IJIIEepuHy, sKi BU3HAYAIOTBHCA 32 JOIIOMOI'OI0 PO3CifAHHS CBi-
718, HaOyBaIOTh CTAJIOrO 3HAYEHHS JIUIIE Yepe3 IEBHUN IIPOMi-
2KOK 1acCy IiCJIsi BUTOTOBJICHHS PO3UUHY. SHaNIeHI XapaKTepHi
PO3MipHu ONTUYHUX HEOAHOPiAHOCTEN, KOedillieHTH Ienosipu-
3anil po3cisgHOro CBiTyIa, aCUMETPiA IHAUKATPUCH PO3CiIOBaHHSA
K (DyHKIT 9acy, 1[0 IPOUIIOB IiC/IsI BUTOTOBJIEHHS] DO3YHMHY.
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