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VISCOMETRIC RESEARCH OF CONCENTRATION
REGIMES FOR POLYVINYL ALCOHOL SOLUTIONS

Ezperimental researches are carried out for the concentration and temperature dependences
of the kinematic viscosity and the density of diluted and semidiluted solutions of polyvinyl
alcohols (PVAs) with hydrolysis degrees of 85.2 4+ 1.0 mol.% and 98.4 + 0.4 mol.% in dimethyl
sulfoxide and water. Critical concentrations of the transition from the diluted solution to
more concentrated regimes are calculated. The results of calculations show that the critical
crossover concentrations for PVA solutions in dimethyl sulfoxide are lower than that for PVA
aqueous solutions. The obtained temperature dependences of the effective hydrodynamic radii
of macromolecules in the diluted PVA solutions testify that this parameter decreases, as the

temperature grows.
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1. Introduction

Researches of the physical properties of polyvinyl al-
cohol (PVA) solutions are very challenging owing to
the application of those solutions in various branches
of industry [1], agriculture [1, 2], pharmacology, and
medicine. In particular, PVA solutions are used in
medicine for the controlled delivery of medicines and
proteins [3]; the detoxification of organism [4]; as hy-
drogels, thickeners, and nutrient media [5]; as film
formers for the coating of tablets and pills, as well
as in tissue transfer [6,7]; and as prolongators in eye
drops and in ophthalmology [8,9]; they also enter the
composition of membranes for dialysis [10, 11]. The
use of PVA for biomedical needs results from its ca-
pability of biodegradation (microbial or enzymatic) to
simpler compounds and its subsequent removal from
organism [4, 11].

On the other hand, researches of the behavior of
liquid systems, when hydrogen bonds play a cru-
cial role in the interaction between molecules, is an
important task for the physics of condensed state
[12-14]. As the PVA concentration grows, the solu-
tions change from diluted through semidiluted to con-
centrated ones (i.e. we have different concentration
regimes), and the structure of solutions also changes,
by transforming from isolated macromolecules to ag-
gregates and, finally, to the formation of spatial in-
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termolecular networks in the solution. Therefore, reg-
ular researches of the physical properties of aqueous
and non-aqueous PVA solutions, in particular, the
concentration regimes, in a wide range of concentra-
tions and temperatures are actual for the solution of
technological projects, finding ways for the target de-
livery of drugs, and creating the compositions with
prescribed characteristics.

2. Materials and Methods of Researches

Polyvinyl alcohols Mowiol 3-85 (Kuraray) with a
hydrolysis degree of 85.2 + 1.0 mol.% and Mowiol
4-98 (Kuraray) with a hydrolysis degree of 98.4+
+0.4 mol.%, both without additional purification,
were used. As solvents, we used twice-distilled wa-
ter and dimethyl sulfoxide ((CHs3)2SO) of pharma
grade. The latter was held on NaOH and distilled at a
low pressure of 3-5 mm Hg, with the middle fraction
being collected, in accordance with work [15].

The kinematic viscosity and the density of PVA
solutions in water and dimethyl sulfoxide with con-
centrations from 0.2 to 20 wt.% were experimentally
studied in a temperature interval of 293-363 K with
the use of standard techniques. Solutions were pre-
pared gravimetrically. The kinematic viscosity v was
studied on capillary viscometers with capillaries of
various diameters. The error of viscosity measure-
ments did not exceed 2%. The density p was deter-
mined using the picnometer method with an error of
0.05%.
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3. Experimental Results
and Their Model Interpretation

Polyvinyl alcohol belongs to flexible-chain polymers
of the aliphatic series. In its macromolecular chain,
it contains hydroxyl groups, which are responsible
for intra- and intermolecular interactions by means
of hydrogen bonds. As the polymer concentration
in the solution grows, the average distance between
macromolecules becomes shorter, and the motion of
segments becomes hindered, which gives rise to the
emergence of aggregates and spatial molecular net-
works. In addition, the viscosity of concentrated PVA
aqueous solutions grows in time owing to the irre-
versible gelation process [16, 17], which is similar to
the crystallization [18-20]. Therefore, experimental
researches were carried out right after the dissolution
of polymer followed by cooling the solution down to
measurement temperatures [21].

The temperature-concentration dependences of the
density, p = p(T, C), and the kinematic viscosity, v =
=v(T, C), were obtained experimentally for PVA so-
lutions in water or dimethyl sulfoxide. The shear vis-
cosity was calculated, by using the known formula

n=pv. (1)

The obtained experimental data testify that the
temperature dependences of the density of PVA solu-
tions in dimethyl sulfoxide have a linear character in
the examined temperature interval, unlike their coun-
terparts for the PVA aqueous solutions. For the lat-
ter, the temperature dependences of the density be-
come more and more similar to those for water, as
the concentration decreases (Fig. 1). It should be
noted that the increase of the PVA concentration in
water results in that the curvature radius in the tem-
perature dependences of a PVA aqueous solution den-
sity grows. The densities of all solutions grow linearly
(within experiment errors) with the PVA concentra-
tion in the whole temperature interval.

In Fig. 2, the temperature dependences of the shear
viscosity in PVA solutions in water and dimethyl sul-
foxide are shown. Their analysis testifies that, within
experiment errors, the shear viscosity in the 5% solu-
tion of PVA in dimethyl sulfoxide has the same value
and temperature dependence as the 10% solution of
PVA in water. The same is observed for the 10% solu-
tion of PVA in dimethyl sulfoxide and the 15% solu-
tion of PVA in water, as well as for the 15% solution
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Fig. 1. Temperature dependences of the density of solutions
of PVA with a hydrolysis degree of 85.2 & 1.0 mol.% in water
(curves I to 5) and dimethyl sulfoxide (curves 6 to 10) for
various mass fractions of solute: 0 (curves I and 6); 5 (curves
2 and 7), 10 (curves 3 and 8), 15 (curves 4 and 9), and 20%
(curves 5 and 10)
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Fig. 2. Temperature dependences of shear viscosity in solu-
tions of PVA with a hydrolysis degree of 85.2 + 1.0 mol.% in
water for concentrations of 5 (1), 10 (2), 15 (8), and 20% (4),
and in dimethyl sulfoxide for concentrations of 5 (5), 10 (6),
15 (7), and 20% (8)

of PVA in dimethyl sulfoxide and the 20% solution
of PVA in water. The analysis of the shear viscosity
dependences on the PVA solution concentration testi-
fies to a reduction of the curvature radius in the con-
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centration dependences of the shear viscosity in PVA
solutions in dimethyl sulfoxide as compared with sim-
ilar dependences for the PVA aqueous solutions.

In order to process the experimental data obtained
for the PVA solutions in water and dimethyl sulfox-
ide, the intrinsic viscosities are calculated, which de-
pend only on the polymer origin and do not depend on
its concentration. The intrinsic viscosity of the poly-
mer is obtained by extrapolating the concentration
dependence of the reduced viscosity to the zero con-
centration [22]:

= gim, (=20). )

Mo

where 7 is the viscosity of a polymer solution, ny the
viscosity of a solvent, and C' the solution mass con-
centration.

By the values of intrinsic viscosity in accordance
with the Mark-Kuhn-Hawink equation [22] for di-
luted PVA solutions, we determined the mean-visco-
sity molecular mass Mn by the viscometric method
within the concentration interval (0.2+-0.8) wt.%:

[n] = K My, (3)

where K, is a constant for the system polymer—
solvent, which depends on the temperature, polydis-
persion, branching, and so forth; and « is a quan-
tity associated with the chain stiffness, macromolec-
ular conformation, and thermodynamic state of the
solvent. According to work [22], at a temperature
of 303 K, we have K, = 6.66 x 107* dl/g and

Characteristic viscosity [n],

mean-viscosity molecular mass M, critical crossover
concentration C*, and radius of inertia of polymer
coil R¢c at the critical crossover concentration

. (7], Mm cr, Rc,
Solution dl/g | kg/mol | wt.% | nm
PVA with a hydrolysis degree
of 85.2 + 1.0 mol.% in water | 0.27 12.2 3.64 | 5.10
PVA with a hydrolysis degree
of 85.2 + 1.0 mol.%
in dimethyl sulfoxide 0.44 12.2 2.27 | 5.97
PVA with a hydrolysis degree
of 98.4 + 0.4 mol.% in water | 0.34 17.2 2.93 | 6.15
PVA with a hydrolysis degree
of 98.4 + 0.4 mol.%
in dimethyl sulfoxide 0.58 17.2 1.74 | 7.32
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a = 0.64 for PVA aqueous solutions, and K, =
= 0.26 x 107* dl/g and a = 0.70 for PVA solutions
in dimethyl sulfoxide. The sought values are quoted
in Table. Hence, the examined specimens are low-
molecular polyvinyl alcohols with the average poly-
merization degrees p ~ 300 for PVA with a hydrolysis
degree of 85.2 + 1.0 mol.% and p ~ 600 for PVA with
a hydrolysis degree of 98.4 + 0.4 mol.%, which corre-
lates well with the known regularity M,, < J\an < M,
and the values declared by the manufacturer for the
used specimens: M,, = 14000 g/mol for Mowiol 3-
85 and M, = (23000+-27000) g/mol for Mowiol 4-
98. The polymer production technology determines
M,/M, =~ 2 [23], where M, is the number-avera-
ge molecular mass, and M, the mass-average mole-
cular mass.

In the theory of diluted polymer solutions, the
intrinsic viscosity is used as a criterion for the es-
timation of a solution concentration regime. Since
the size of a macromolecule in the solution deter-
mines whether the latter is diluted or moderately
concentrated, whereas the intrinsic viscosity is pro-
portional to the macromolecular volume in the so-
lution, the solution is called diluted if its volume
occupied by macromolecules is much smaller than
the total solution volume. As a rule, isolated macro-
molecules in diluted solutions of flexible-chain poly-
mers roll up into coil-like conformations [24]. With
the growth of the polymer concentration, the solu-
tion structure changes, by transforming from isolated
macromolecules to aggregates and forming a network
of intermolecular links, when achieving a critical con-
centration of overlapping macromolecular coils, C*,
the beginning of the so-called crossover region. In the
case of flexible-chain polymers, the critical crossover
concentration C* can be determined experimentally
with the help of the viscometric method [25]:

s 1
C =0 (4)

The critical crossover concentration can be calculated
according to the equation [26]

_ 3M
o 47TNAR%’

*

()

where M is the molecular mass of the polymer, Nx
the Avogadro constant, and R¢ the radius of inertia of
a polymer coil at the critical crossover concentration.
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For concentrations below the crossover one, we can
use the Einstein model theory, which allows the size
of a solute molecule to be determined, by using visco-
metric methods. In the framework of this theory, the
solute molecule is considered as a hard sphere, and
the solvent as a continuous medium [27,28]. With cer-
tain cautions, the Einstein model theory allows one
to estimate the variation of macromolecular sizes in
the diluted solution as the temperature changes. For
the shear viscosity of a solution, the following formula
was obtained [27]:

54w R3
n=no<1+2 3 n) (6)

where R is the radius of the model sphere or the ef-
fective hydrodynamic radius of a molecule, and n the
concentration of solute molecules. An example of the
temperature dependence of effective hydrodynamic
radii of macromolecules in the aqueous PVA solu-
tions with a hydrolysis degree of 85.2 + 1.0 mol.%
and in the solutions of PVA with a hydrolysis degree
of 98.440.4 mol.% in dimethyl sulfoxide are depicted
in Fig. 3.

4. Discussion of Results

The analysis of the data presented in Table 1 testifies
that the transition from the diluted solution of PVA
in dimethyl sulfoxide to the semidiluted one occurs at
lower concentrations than those, at which the same
transition takes place in the aqueous solution. In our
opinion, this behavior stems from the fact that the in-
teraction between PVA macromolecules is less prob-
able than the interaction between PVA and solvent
molecules. Those conclusions are confirmed by the re-
sults of work [29], where the thermodynamic param-
eters of a viscous flow in concentrated PVA solutions
were analyzed in the framework of the Eyring model
theory, and a high quality of dimethyl sulfoxide as a
solvent for PVA was pointed out from the thermody-
namic viewpoint.

A comparison between the concentration regimes
for PVA solutions with PVA hydrolysis degrees of
98.4 £ 0.4 and 85.2 + 1.0 mol.% (in the latter case,
the macromolecular chain contains, besides hydroxyl
groups, also acetate ones) shows that the growth of
the hydrolysis degree and, hence, the reduction in the
number of acetated groups in the polymer chain re-
sult in that the critical concentration for the overlap-
ping of macromolecular coils decreases. The effective

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 9

o
N :

:
;

42 |

40 |

38 L L L L L . L
283 293 303 313 323 333 343 353

T.K

Fig. 3. Temperature dependences of the effective hydrody-
namic radii of macromolecules in the aqueous PVA solutions
with a hydrolysis degree of 85.24+1.0 mol.% (black circles) and
in solutions of PVA with a hydrolysis degree of 98.4+0.4 mol.%
in dimethyl sulfoxide (white circles) at concentrations below
the critical crossover one C*

hydrodynamic radii of PVA macromolecules grow in
dimethyl sulfoxide, increase with the length of macro-
molecular chain, and diminish for all solutions, if the
temperature grows.

5. Conclusions

Experimental researches of the concentration and
temperature dependences of the kinematic viscosity
and the density in diluted and semidiluted solutions
of low-molecular polyvinyl alcohols with hydrolysis
degrees of 85.2+1.0 and 98.4+0.4 mol.% in dimethyl
sulfoxide and water are carried out. The critical con-
centrations of the transition from the diluted solution
to more concentrated regimes are calculated.

The results of calculations show that the criti-
cal crossover concentrations for PVA solutions in
dimethyl sulfoxide are lower than those for PVA
aqueous solutions. The results testify that dimethyl
sulfoxide is a better solvent in the thermodynamic
sense and forms more dispersed molecular solutions
of PVA than water does. The increase in the molec-
ular mass or the hydrolysis degree of polymer also
results in a reduction of the critical crossover con-
centrations.
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The temperature dependences of the effective hy-
drodynamic radii of macromolecules in the diluted
PVA solutions are obtained. It is shown that the effec-
tive hydrodynamic radii of macromolecules decrease
with the temperature growth.

The authors are sincerely grateful to Academician
Leonid Anatoliyovych Bulavin for the comprehensive
support of this work.
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Translated from Ukrainian by O.I. Voitenko

O.B. Xopoavcvrut, O.I1. Pydenxo

JTOCJILI>KEHH T KOHIIEHTPAIIITHIX
PEXKUMIB PO3UYMHIB IIOJIIBIHIJIOBOT'O CIIMPTY
BICKO3UMETPUYHUM METOIOM

Peszmowme

IIpoBeieHO eKCIEpUMEHTAJIBHI JIOCIIIXKEHHST KOHIIEHTPAI[IHHAX

i TeMIIepaTypHHUX 3aJI€?KHOCTEN KiHeMaTU4HOI B'SI3KOCTi Ta Ty-

cTuHE po36aBiieHNX 1 HamiBpo30aBJIEHHX PO3YMHIB IOJIBiHI-

JIOBUX CHUPTIB 3i crynmeHsmu Tigposizy 85,2+ 1,0 mon. % i
98,44+0,4 mon. % y mumerunicynbdokeni Ta Boai. Pospaxosa-
Hi KPUTHYHI KOHIEHTpamil mepexony Bix po36aB/IeHOrO PO3tIu-
HY 110 6iIbII KOHIIEHTPOBAHUX pexKuMiB. Po3paxyHKH mokasy-

IOTb, IO JIJIsl PO3YMHIB HOJIIBIHIIOBOrO CIUPTY B JUMETUJICYIIb-

dokcui KPUTUYHI KOHIIEHTPAIl KPOCOBEPY HUK4i, HIXK JJ1st
BOJIHMX PO3YMHIB moJiiBiHLIOBOro cnupry. OTpuMmani TeMuepa-
TypHi 3aJI€2KHOCTI €PEKTUBHUX rifpoauHaMivHUX padlyciB mMa-
KPOMOJIEKYJI Yy PO3DABJIEHUX PO3YMHAX IIOJIBIHIJIOBOIO CIIUPTY
BKa3yIOTb Ha Te, IO 31 301/IbIIeHHsAM TeMuepaTypu eeKTUBHI

rigpoguHaMivHi pajilycu MaKpOMOJIEKYJI 3MEHIIYIOThCH.
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