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Long-term changes of the dielectric constant of concentrated (5, 10, and 15 wt.%) solutions of
low-molecular polyvinyl alcohol in dimethyl sulfoxide have been studied in a frequency interval
of 0.5–200 kHz and at a temperature of 290± 1 K. A hypothesis is put forward that the time
evolution of dielectric constant is governed by changes in the supramolecular structure of the
polymer solution; those changes have a fluctuation nature and are associated with the establish-
ing of equilibrium in the polymer solution. Using the law of corresponding states, a similarity
between the kinetics of equilibrium establishment in the polyvinyl alcohol–dimethyl sulfoxide
and glycerol–water solutions is demonstrated. With the help of a proposed mathematical model,
the characteristic lifetimes and oscillation frequencies of microscopic inhomogeneities in the
polyvinyl alcohol solution are determined.
K e yw o r d s: dielectric permittivity, polyvinyl alcohol solutions, dimethyl sulfoxide, thermo-
dynamic equilibrium.

1. Introduction

Liquid solutions of polyvinyl alcohol (PVA) are used
in the textile and paper industries, cosmetics, agricul-
ture, pharmacology, and medicine [1, 2]. In the chem-
ical technology, water, as a rule, is a main solvent
for PVA [1]. However aqueous PVA solutions tend to
form gels: an irreversible growth of the viscosity of
the concentrated aqueous PVA solutions in time is
observed [3,4]. Aqueous PVA solutions are widely ap-
plied in medicine as cryogels and polymeric matrices
for dosage forms [5, 6], for the film coating of tablets,
and as nutrient media [7]. They are used in oph-
thalmology and are a component of membranes for
dialysis [8–10]. From the thermodynamic viewpoint
[11,12], dimethyl sulfoxide – (CH3)2SO, DMSO – is a
better solvent for PVA than water. DMSO is an apro-
tic organic solvent. Owing to its nontoxical influence
on the human body, it founds applications in vari-
ous branches of medicine: dermatology, ophthalmol-
ogy, neurology, psychiatry, gastroenterology, rheuma-
tology, oncology, and surgery [13–16]. Therefore, the
research of the physical properties of polyvinyl alco-
hol solutions in dimethyl sulfoxide is a challenging
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task for the physics of liquid systems, as well as for
experimental medicine and pharmacology.

The aim of this work is (i) to study the charac-
ter of equilibrium establishment in the solution of
PVA in DMSO and (ii) to determine the characteris-
tic time of equilibrium establishment in this solution
and its dependence on the solution concentration. In
order to find those regularities, the time evolution of
the dielectric permittivity of PVA solutions in DMSO
is studied as a function of the frequency and con-
centration.

2. Experimental Part

2.1. Research object and the procedure
of dielectric permittivity measurement
in solutions

Polyvinyl alcohol is a flexible-chain polymer of the
aliphatic series. In its macromolecular chain, it con-
tains hydroxyl groups that are responsible for the
formation of intra- and intermolecular hydrogen
bonds. For the experiments, polyvinyl alcohol Mo-
wiol 4–98 (Kuraray) with a hydrolysis degree of
98.4± 0.4 mol.% and without additional purification
was used. Earlier, with the help of the viscosimet-
ric method, we determined that the average polymer-
ization degree in this alcohol amounts to 𝑝 = 600,
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which corresponds to a low-molecular polyvinyl alco-
hol [11]. As a solvent, DMSO of the pharma grade
was used, which was held on NaOH and distilled at a
low pressure of 3–5 mm Hg. The middle fraction was
collected, by following the method of work [17].

The solutions were prepared gravimetrically. The
main method to speed up the polymer dissolution
was the intense stirring, which considerably shifted
the gradients of a hydrodynamic field and, thus, pro-
moted a detachment of the surface highly viscous
layer of the solution [19]. A sealed flask with the sol-
vent and PVA was placed on a water bath with a
temperature of 90–95 ∘C, and the mixture was dis-
solved under the permanent stirring during 6–12 h un-
til a visually homogeneous solution was obtained. The
prepared solutions were stored in hermetically sealed
containers in a dark dry place with annual tem-
perature oscillations within an interval from 288 to
298 K.

The dielectric permittivity of PVA solutions in
DMSO with concentrations of 5, 10, and 15 wt.% at
a fixed temperature of 290± 1 K was experimentally
studied, by using the bridge measurement method in
a frequency interval of 0.5–200 kHz. The method ap-
plied was described in work [18] in detail. The total
relative error of measurements did not exceed 2%.

An installation for studying the electrical proper-
ties of liquid systems was created and described by
the authors of work [18]. It corresponds to the func-
tional of the ac bridge R5083 and was tested on clas-
sical liquids. The bridge circuit includes a quadripole,
whose transmission coefficient equals zero under cer-
tain conditions, which are called “bridge balance con-
ditions”. The bridge is intended to determine the elec-
trical parameters of liquids in a frequency interval
of 0.5–200 kHz. It consists of an electronic bridge
fabricated with the use of operational amplifiers,
a voltage summator, a power unit for operational
amplifiers, a measuring plane condenser (its disks
are covered with fluoroplastic films in order to in-
crease the active resistance of liquids), a generator
of sound pulses G3-118 (0.5–200 kHz), and a milli-
voltmeter V3-38 serving as an indicator of the elec-
tronic bridge balance. The dielectric permittivity 𝜀 is
determined as the ratio between the capacitance of a
condenser filled with a medium and the capacitance
of the same condenser, but in air. A simplified cir-
cuit diagram of the electronic bridge is exhibited in
Fig. 1.

2.2. Preparation of polyvinyl
alcohol solutions in dimethyl sulfoxide

Owing to a large size of macromolecules and a con-
siderable interaction between molecules, the process
of polymer dissolution – in particular, polyvinyl al-
cohol – has a number of specific features in com-
parison with the dissolution of low-molecular sub-
stances. The first dissolution stage for an arbitrary
polymer is its swelling: this is a sorption process
of a low-molecular liquid by the polymer, which is
accompanied by an increase of the polymer volume
and mass and by a conformational change of macro-
molecules. At the swelling, mobile solvent molecules
penetrate into the space between polymer molecules
(first, as a rule, in amorphous regions) and draw their
chains apart by breaking the intermolecular bonds
[20]. Large polymer molecules have low diffusion co-
efficients. Therefore, the mixing runs slowly and re-
quires a substantial time interval. The diffusion of the
solvent into the polymer results in a gradual break of
the intermolecular contacts between chains and in-
creases their mobility. The process runs faster, if the
macromolecules are more flexible, and the density of
their packing is lower.

As the polymer concentration grows, the structure
of polymer solution changes. It transforms from iso-
lated macromolecules in diluted solutions (there, they
form coagulated coil-like conformations [21]) to ag-
gregates and, after achieving a critical concentration
for the macromolecular coils to overlap (the so-called
crossover concentration 𝐶*), a network of intermolec-

Fig. 1. Circuit diagram of the electronic bridge: the equiv-
alent circuit of a measuring condenser (1 ), integrated opera-
tional amplifiers (2–5 ), millivoltmeter (6 ), variable condenser
(C), calibrated potentiometer (RP), sound generator (E)
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Fig. 2. Diagram of hydrogen bond formation between a
monomer of a PVA macromolecule and a DMSO molecule

ular links is formed. Earlier, we demonstrated in work
[11] that the critical crossover concentration equals
2.93 wt.% for the aqueous solutions of PVA Mowiol
4–98 with a hydrolysis degree of 98.4± 0.4 mol.%. If
the PVA concentration grows further, there emerge
spatial molecular networks in the solution, because
the average distance between the macromolecules be-
comes shorter, and the segmentary motion of macro-
molecular chains more complicated, i.e. semidiluted
solutions become concentrated. In the concentrated
aqueous PVA solutions, the irreversible process of gel
formation takes place [3, 4]. It manifests itself as an
increase of the solution shift viscosity in time un-
til hydrogel is formed. According to the results of
works [22, 23], the process of gel formation in aque-
ous PVA solutions is similar to the crystallization
due to small sizes of hydroxyl groups in the macro-
molecule. For concentrated PVA solutions in DMSO,
at least up to a concentration of 15 wt.%, we did
not observe the process of gel formation visually, al-
though the crossover concentration for the examined
PVA solutions in DMSO was determined to equal
1.74 wt.% [11]. The macromolecules slowly diffuse
into the solvent, and the tendency to the transfor-
mation into a homogeneous single-phase solution is
observed. But the entropy of this single-phase sys-
tem is relatively low. Therefore, the system will try
to become a layered structure. There appear compact
regions (interlayers, droplets) of the solution with dif-
ferent concentrations of the dissolved component. We
face the same situation in the aqueous solutions of
low-molecular alcohols, in particular, of the methanol
series [24]. Owing to fluctuations, a permanent tran-
sition to a homogeneous solution and its further strat-
ification take place.

3. Theoretical Part

From the energy viewpoint, a polymer can be dis-
solved, if the total energy of interaction between the

polymer and solvent molecules exceeds the energies of
interaction of the solvent molecules with one another
and of the polymer molecules with one another. The
dissolution process of the polymer as a low-molecular
compound is accompanied by a reduction of the free
energy.

From the structure of the PVA formula, it follows
that hydrogen bonds can be formed between the ele-
mentary links of either the same molecule or two dif-
ferent molecules. Those links play a key role in that
a linear macromolecule becomes coiled into a glob-
ule in diluted solutions owing to the formation of in-
tersegment hydrogen bonds. If DMSO is added, hy-
drogen bonds are also formed between the elemen-
tary links of PVA and DMSO molecules (Fig. 2). In
works [25, 26], it was shown that hydrogen bonds are
not equivalent: the energy of hydrogen bonds equals
𝐸HB = −36.3 kJ/mol for the interaction of the PVA–
PVA type and to 𝐸HB = −29.4 kJ/mol for the in-
teraction of the PVA-water type. As a result, there
appears the tendency for PVA to dissolve.

According to the ideas formulated above, the es-
tablishment of equilibrium in a solution is accom-
panied by the emergence of a microscopic inhomo-
geneous structure in it. This structure is realized in
the form of compact regions (layers or droplets) with
various PVA concentrations and corresponds to the
maximum entropy. Owing to fluctuations, some lay-
ers permanently transform into others and vice versa
(the same is also valid for the variations of droplet
sizes). Actually, this means that the character of re-
laxation does not depend on the specific molecular
structures of the solvent and the solute. So we hope
for that the character of relaxation in the PVA–
DMSO solution is similar in many respects to that
in the aqueous solutions of alcohols belonging to the
methanol series and glycerol. In other words, the time
dependence of the sizes of compact regions can be de-
scribed by the dependence

𝑟(𝑡) = 𝑟0 sin(𝜔𝑓 𝑡) exp

(︂
− 𝑡

𝜏

)︂
, (1)

where 𝑟0 and 𝜏 are the initial size and the characteris-
tic lifetime, respectively, of microscopic inhomogene-
ity; and 𝜔𝑓 is a frequency corresponding to the size
oscillations of microscopic inhomogeneities as a result
of the surface molecular diffusion from the layer and
into it.
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Note that the characteristic lifetime of microscopic
inhomogeneities, 𝜏 , is also governed by the surface
diffusion. We may assume that the same law should
describe the time evolution of the dielectric permit-
tivity of PVA solutions in DMSO, as well as the po-
larized molecular scattering of light. Furthermore, it
is quite expected that the lifetimes of microscopic in-
homogeneities and the oscillations of their shape in
the PVA–DMSO and glycerol–water systems should
satisfy the relation

𝜏(PVA–DMSO)

𝜏(glycerol–water)
≈ 𝜔𝑓 (glycerol–water)

𝜔𝑓 (PVA–DMSO)
. (2)

4. Experimental Results
and Their Discussion

In order to reveal the process of gel formation in the
PVA solutions in DMSO, the research of the dielec-
tric permittivity of the concentrated PVA solutions in
DMSO within long time intervals (up to 3 years) and
at the same experimental temperature was carried
out. Dielectric spectroscopy as a structure-sensitive
method to study liquid systems allows changes in the
molecular structure of solutions to be analyzed.

Unidirectional processes of variation in the di-
electric permittivity with time in the concentrated
PVA solutions in DMSO would have been quite ex-
pected. The growth of the dielectric permittivity of
concentrated polymer solution in time would corre-
spond to the dispersion of macromolecules in the sol-
vent, when the macromolecules were surrounded by
bound DMSO molecules. On the contrary, a decrease
of the dielectric permittivity of the concentrated poly-
mer solution in time would testify to a growth of
the number of intermolecular links, which would cor-
respond to the process of gel formation or other
temporal variations in the polymer solution (“ag-
ing”, photochemical processes, and so on). Instead,
wave-like temporal changes of the dielectric proper-
ties of polyvinyl alcohol solutions in dimethyl sul-
foxide were observed. In Figs. 3 to 8, the time de-
pendences of the dielectric permittivity of PVA so-
lutions in DMSO with concentrations of 5, 10, and
15 wt.% at frequencies from 0.5 to 200 kHz are de-
picted. Not numerous experimental points were ap-
proximated by dashed curves plotted with the use of
formula (3).

Figures 3 to 8 demonstrate oscillations of the di-
electric permittivity of concentrated PVA solutions

Fig. 3. Dependences of the relative dielectric permittivity on
the preparation time for the PVA solution in DMSO with a
concentration of 5 wt.% at various frequencies: 2 (1 ), 4 (2 ),
6 (3 ), 10 (4 ), and 200 kHz (5). Dashed curves demonstrate
approximations by formula (3 )

Fig. 4. Frequency dependences of the dielectric permittivity
of the PVA solution in DMSO with a concentration of 5 wt.%
measured in 0 (1 ), 628 (2 ), 831 (3 ), and 918 days (4 ) after the
preparation of the solution

in DMSO in time. The higher the electric field fre-
quency, the smaller is the corresponding variation am-
plitude. For instance, if the frequency equals 200 kHz,
the dielectric permittivity oscillates within the limits
of 7%. The largest oscillations of the dielectric per-
mittivity are observed at low frequencies from 0.5 to
2 kHz. In particular, at a frequency of 500 Hz, the
variation reaches 30% of the initial value. This fact
can testify to temporal modifications in the molec-
ular structure of the polymer solution; namely, the
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Fig. 5. The same as in Fig. 3, but for the PVA solution in
DMSO with a concentration of 10 wt.%

Fig. 6. Frequency dependences of the dielectric permittivity
of the PVA solution in DMSO with a concentration of 10 wt.%
measured in 0 (1 ), 601 (2 ), 796 (3 ), and 952 days (4 ) after the
preparation of the solution

oscillations can correspond to the low-frequency pro-
cesses of intermolecular link reconstruction, which are
associated with the motion of some segments in the
macromolecular chain. The changes can testify to the
process of thermodynamic equilibrium establishment
in the concentrated polymer solutions. This conclu-
sion would have not invoked considerable discussions,
if the experimental time intervals had not been so
long (the experiment with the 10-wt.% PVA solution
in DMSO lasted for 952 days or 8.22 × 107 s). Can
we suppose that there are the long-term processes of
equilibrium establishment in the concentrated poly-
mer solutions?

Fig. 7. The same as in Fig. 3, but for the PVA solution in
DMSO with a concentration of 15 wt.%

Fig. 8. Frequency dependences of the dielectric permittivity
of the PVA solution in DMSO with a concentration of 15 wt.%
measured 0 (1 ), 603 (2 ), 798 (3 ), and 947 days (4) after the
preparation of the solution

In a number of works [27–29], the issue concerning
the time intervals for the establishment of an equi-
librium state in aqueous solutions of monoatomic al-
cohols was discussed. We would like to point out the
results of works [24, 30, 31], in which the methods of
integral intensity of molecular light scattering and dy-
namic light scattering (laser correlation spectroscopy)
were used to show that, for an equilibrium state in
aqueous alcohol solutions to be established, a time
interval is required that can reach one or two weeks af-
ter the preparation of the solution. It is worth paying
attention that the examined systems have an inter-
molecular network of hydrogen bonds, and the sizes of
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the solvent (water) and solute (aliphatic monoatomic
alcohols, glycerol) molecules in them are close (com-
parable). On the other hand, for vitreous substances,
which are amorphous systems in a metastable state,
the time required to reach the thermodynamic equi-
librium can be adopted, with certain reservations, as
tending to infinity [32, 33].

An approximation for the damped oscillations of
the dielectric permittivity of concentrated PVA so-
lutions in DMSO was sought in the form similar to
formula (1):

𝜀(𝑡) = 𝜀0 sin(𝜔𝑓 𝑡) exp

(︂
− 𝑡

𝜏

)︂
+ 𝜀𝑚, (3)

where 𝜔𝑓 and 𝜏 have the same meaning as in for-
mula (1). The results of the approximation for the
researched PVA solutions in DMSO at a frequency of
1 kHz are depicted in Fig. 10 and quoted in Table.

If, according to Fig. 9 taken from work [30], the
characteristic lifetime of a microscopic inhomogene-
ity in the glycerol-water system is put equal to one
day, and the oscillation period to approximately 4 h
(0.167 day), then relation (2) and Table yield

𝜏(PVA–DMSO)

𝜏(glycerol–water)
≈ 𝜔𝑓 (glycerol–water)

𝜔𝑓 (PVA–DMSO)
⇒

⇒ 966.7

1.0
≈ 1÷0.167

1÷164.3
⇒ 966.7 ≈ 983.8, (4)

So, one can see that the kinetics of the equilibrium
establishment processes in the PVA–DMSO solutions
is similar to that in the aqueous glycerol solutions.

The presented arguments give us a ground to as-
sert that there exist long-term processes of ther-
modynamic equilibrium establishment in the con-
centrated solutions of polyvinyl alcohol in dimethyl
sulfoxide. The obtained values of the time intervals

Characteristic lifetimes of microscopic
inhomogeneities, 𝜏 , and oscillation frequencies,
𝜔𝑓 , for various PVA concentrations in DMSO
at a frequency of 1 kHz calculated by formula (3)

PVA concentration, 𝜔−1
𝑓 , 𝜏 ,

wt.% days days

5 168.2 966.7
10 165.3 966.7
15 159.5 966.7

Fig. 9. Dependences of the coefficient of scattered light depo-
larization in water-glycerol solutions on the time interval spent
after the preparation of the solution. The mole fraction of glyc-
erol in the solution 𝑥 = 0.031 (1 ), 0.035 (2 ), and 0.046 (3 ).
The temperature is 10 ∘C. Curve 3 corresponds to the con-
centration, at which the abnormal peak in the light scattering
is observed (a). Angular asymmetry of the scattered light in-
tensity as a function of time after the preparation of the aque-
ous glycerol solution by the ultrasonic mixing (b). The mole
fraction of glycerol in the solution 𝑥 = 0.047(1 ), 0.035 (2 ),
and 0.056 (3 ). The figures were taken with permission from
work [30]

required for the thermodynamic equilibrium in the
PVA–DMSO solutions to be established seem to be
reliabl if we take into consideration that the sizes of
solute (PVA) macromolecules (in various spatial con-
formations) can differ by several orders of magnitude
from the size of solvent (DMSO) molecule. Our argu-
ments are confirmed by the results of works [34–36],
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Fig. 10. Experimental data for the dielectric permittivity of
PVA solutions in DMSO with concentrations 5 (a), 10 (b),
and 15 wt.% (c) at a frequency of 1 kHz (diamonds) and their
approximations by formula (3) (dashed curves)

in which it was noted that, owing to a high viscosity of
polymer solutions, the equilibrium in them is estab-
lished more slowly in the solutions with higher poly-
mer concentrations and can last for several months. A

confirmation or refutation of this statement demands
for further researches, which will be reported in our
future works.

5. Conclusions

1. Long-term oscillations of the dielectric permittiv-
ity within the frequency interval of 0.5–200 kHz were
revealed in concentrated solutions of low-molecular
polyvinyl alcohol in dimethyl sulfoxide with concen-
trations of 5, 10, and 15 wt.% at a constant tempera-
ture of 290±1 K, which testifies to periodic structural
variations in those polymeric solutions.

2. The assumption was put forward that the oscil-
lations of the dielectric permittivity of concentrated
polyvinyl alcohol solutions in dimethyl sulfoxide have
a fluctuation origin and reflect the establishment of
an equilibrium state in the solutions.

3. The law of corresponding states was applied to
the PVA–DMSO and glycerol–water systems, which
demonstrated similar kinetics of equilibrium estab-
lishment in those systems. A mathematical model of
damped harmonic oscillations was proposed, which
made it possible to determine the characteristic life-
times and the characteristic oscillation frequencies of
microscopic inhomogeneities in the concentrated so-
lutions of polyvinyl alcohol in dimethyl sulfoxide.
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ОСОБЛИВОСТI ЗМIНИ З ЧАСОМ
ЕЛЕКТРИЧНИХ ВЛАСТИВОСТЕЙ
РОЗЧИНIВ ПОЛIВIНIЛОВОГО СПИРТУ
У ДИМЕТИЛСУЛЬФОКСИДI

Р е з ю м е

Робота присвячена дослiдженню довготривалих змiн у ча-
сi дiелектричної проникностi в частотному iнтервалi (0,5–
200) кГц при температурi (290±1) К концентрованих розчи-
нiв низькомолекулярного полiвiнiлового спирту в диметил-

сульфоксидi з концентрацiями 5, 10 i 15 мас.%. Висловлено
припущення, що часовiй еволюцiї дiелектричної проникно-
стi вiдповiдає змiна надмолекулярної структури полiмер-
ного розчину, яка має флуктуацiйну природу i пов’язана
з процесом встановлення рiвноваги у розчинi полiмеру. За
допомогою закону вiдповiдних станiв показана подiбнiсть
кiнетики встановлення рiвноваги у системах полiвiнiловий
спирт–диметилсульфоксид i глiцерин–вода. Запропонована
математична модель, яка дозволила визначити характернi
часи життя та осциляцiї мiкронеоднорiдностей у дослiджу-
ваних розчинах полiвiнiлового спирту.
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