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EFFECTIVE RADII OF MACROMOLECULES
IN DILUTE POLYVINYL ALCOHOL SOLUTIONS

The temperature and concentration dependences of the effective radii of polyvinyl alcohol (PVA)
macromolecules have been studied on the basis of experimental data on the viscosity of dilute
PVA solutions in dimethyl sulfozide (DMSO) and water, as well as using the Malomuzh—Orlov
theory of shear viscosity in polymer solutions. The temperature dependences of the effective
radit of PVA macromolecules in DMSO are shown to be linear in the temperature interval
298+-353 K. At the same time, those dependences are more complicated for aqueous PVA so-
lutions. Namely, the effective radii of macromolecules remain unchanged at relatively low tem-
peratures and PVA concentrations, but they decrease nonlinearly at higher temperatures and
concentrations. The concentration dependences of the effective radii of PVA macromolecules
in both solvents are found to decrease nonlinearly in the concentration interval 0.3-3 wt.%.

Keywords: polyvinyl alcohol solution, effective radius of macromolecule, dimethyl sulfoxide,

Malomuzh—Orlov theory.

1. Introduction

In dilute solutions of polymers with linear flexible
macromolecules, the latter are in the coil conforma-
tion [1]. The radii of macromolecular coils in dilute
polymer solutions decrease with the polymer concen-
tration growth, which is explained by a deformation
of flexible macromolecules as a result of the mutual
repulsion between the coils and their mutual penetra-
tion [2].

The temperature dependence of the radius of mac-
romolecular coils in polymer solutions is not univer-
sal. For example, in works [3,4], it was shown that the
radii of macromolecules in a solution increase with the
temperature, whereas, in works [5,6], they were found
to decrease with the temperature growth. There is
no agreement on the temperature dependence of the
macromolecular radii even for the same liquid system:
a nonlinear reduction of the hydrodynamic radius of
dextran in aqueous solutions with increasing the tem-
perature was demonstrated in work [7], whereas those
dependences turned out linear in work [8]. We may as-
sume that the behavior of the macromolecular radii
depends on a number of important factors such as the
concentration, temperature, the nature of a polymer
and a solvent, and so forth.
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Therefore, this work is aimed at elucidating the
specific features in the temperature and concentration
dependences of the effective radii of polyvinyl alcohol
(PVA) macromolecules in aqueous and dimethyl sul-
foxide solutions on the basis of viscometric data. Ra-
ther dilute PVA solutions are considered, for which
the Malomuzh—Orlov formula is applicable (see the
discussion in work [2]).

2. Experimental Part

Experimental researches of the temperature depen-
dences of the kinematic viscosity and density of PVA
solutions in dimethyl sulfoxide ((CHz)2SO, DMSO)
and water were carried out. The experiments were
performed in the temperature interval 293-353 K and
for PVA concentrations of 0.3, 0.5, 0.7, 1, 1.65, 2.32,
and 3 wt.%.

The density was measured with an error of 0.05%
with the help of the pycnometric method. The kine-
matic viscosity was determined on capillary vis-
cosimeters of the Ubbelohde type with an error of
2%, by using standard techniques.

In the researches, PVA Mowiol 6-98 (Kuraray) with
a hydrolysis degree of 98.4 + 0.4 mol.% and with-
out extra purification was used. Double-distilled wa-
ter and pharmaceutical-grade DMSO were used as
solvents. DMSO was held on NaOH, then distilled at
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a low pressure of 3-5 mm Hg, and the middle fraction
was collected. The solutions were prepared gravimet-
rically. The solution concentration was calculated by
the formula

C—__Meva 100%, (1)
mpya +ms
where mpya and mg are the masses of the dissolved

substance and the solvent, respectively.

3. Theoretical Part

With certain reservations, macromolecular coils can
be approximately considered as spherical particles
consisting of a relatively hard core and a rarefied
periphery (“fur”) [10]. Such distribution of the ma-
terial in a macromolecule directly manifests itself in
the shear viscosity of macromolecular solutions. In
particular, in work [2], it was shown that the con-
centration dependence of the shear viscosity for the
polymer solution can be put in agreement with the
Malomuzh—Orlov formula, if the effective radius of
macromolecule, R.g, which coincides with the core
size, is assumed to be significantly smaller than the
quantity

R = RyV'N, (2)

where Ry = 2.5 A is the size of the PVA monomer,
and N is the number of monomers in a macro-
molecule.

To determine the effective radius of a macro-
molecule, the following algorithm was applied:

1) the effective radius of a macromolecule is deter-
mined by the formula

3M,, 1/3
Reg = (47TPCNA906H> s (3)

where M, is the average molecular mass (for PVA
Mowiol 6-98, M,, = 47000 g/mol [9]), p and C are
the density and mass concentration of the solution,
respectively, and Ny is the Avogadro number;

2) the effective concentration of macromolecules in
the solution bulk, @eg, is determined as a fitting pa-
rameter in the Malomuzha-Orlov formula nyo[@ef]
[11-13]. So that

Tlsol = TIMO [SOeHL (4)

where 7)) is the experimental value of shear viscosity
for the solution.
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Note that the magnitude of @eg is consid-
erably smaller than that of the quantity ¢ =
= (4TR3pCNp/3M,,) calculated according to the
standard method. For instance, the effective radius of
macromolecules for the aqueous PVA solution with a
concentration of 0.3 wt.% and at a temperature of
293 K equals Reg = 65 A, whereas formula (2) gives
79 A. Those estimates are in qualitative agreement
with the results of work [10].

The Malomuzh—Orlov formula allows the behavior
of the viscosity of PVA solutions to be described in
the macromolecule bulk concentration interval ¢ <
< 0.5. The latter value, in essence, corresponds to the
solution density, at which all macromolecules form
contacts with one another [2,12,13].

4. Discussion of Results

The Malomuzh—Orlov formula for the shear viscos-
ity was applied to treat experimental data following
the algorithm described in the previous section. As a
result, the concentration dependences of the effective
radius R of PVA macromolecules in their aqueous and
DMSO solutions along the isotherms were obtained
(see Figs. 1 and 2).

In the case of PVA macromolecules in DMSO,
the concentration, C, dependences of R constitute
a family of nonlinearly decreasing curves with the
derivative OR/JC growing with the temperature
(Fig. 1, a). From Fig. 2, a, one can see that the tem-
perature dependences of the effective radii of PVA
macromolecules in DMSO are linear within the ex-
perimental error limits, with the slope of the plots
decreasing, as the concentration grows. Figure 3, a
demonstrates the temperature-concentration depen-
dence R = f(T,C) for the effective radius of macro-
molecular coils in dilute PVA solutions in DMSO.

Another picture is observed for aqueous PVA so-
lutions (Figs. 1, b and 2, b). In the solutions with
concentrations of 0.3-0.7 wt.%, the effective radius
of macromolecules remains unchanged up to about
330 K within the experimental error limits. In the
aqueous PVA solutions with concentrations of 1.65—
3.0 wt.%, the effective radius of macromolecules de-
creases nonlinearly, as the temperature grows. A
“plateau” in the dependence of the effective macro-
moleculat radius is observed at relatively low tem-
peratures and concentrations. Let us try to explain
this behavior.
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Fig. 1. Concentration dependences of the effective radius of
polyvinyl alcohol (PVA) macromolecules in dimethyl sulfoxide
(DMSO) (a) and water (b) at various temperatures: 293 (1),
303 (2), 313 (3), 323 (4), 333 (5), 343 (6), and 353 K (7)

In PVA solutions with concentrations up to the
overlapping of the cores of macromolecular coils, the
role of their rarefied periphery is insignificant. This
periphery weakly affects the hydrodynamic interac-
tion between the particles. As the concentration in-
creases, the peripheries of macromolecular coils start
to overlap, but they weakly change the interaction
between the macromolecules. Such a behavior is also
inherent to macromolecules, if the temperature in-
creases. High temperatures activate the motion of pe-
riphery segments, but its contribution to the viscosity
of PVA solutions remains insignificant in comparison
with the contribution of the “hard” core.
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Fig. 2. Temperature dependences of the effective radius of
PVA macromolecules in DMSO (a) and water (b) at various
PVA concentrations: 0.3% (1), 0.5% (2), 0.7% (3), 1% (4),
1.65% (5), 2.32% (6), and 3% (7)

Dimethyl sulfoxide is a better solvent for polyvinyl
alcohol than water. This statement is confirmed by
the fact that the effective radii of PVA macro-
molecules in DMSO are larger by 15-20% in com-
parison with those in the aqueous PVA solutions. In
other words, the DMSO solvent favors the increasing
in the size of macromolecular coils. Those facts are
in good agreement with the conclusions of work [14],
where it was shown that the insertion of DMSO to the
aqueous PVA solution as the third component gives
rise to a weakening of the intermolecular interaction
between PVA macromolecules and water, as well as
between PVA segments themselves. This fact is ex-
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K 343

Fig. 3. Effective radii of PVA macromolecules in DMSO (a)
and water (b) as functions of the temperature and concentra-
tion

plained by a better affinity of DMSO with respect to
PVA than to water.

Let us append the temperature dependences of the
concentration, when the macromolecular coil radius
remains unchanged, C = f(T)|r=const (Fig. 4), to
the data obtained above. The corresponding plots are
characteristic curves that allow one to distinguish be-
tween changes associated either with the overlapping
of macromolecular peripheries or with their deforma-
tion as a result of the thermal motion. From Fig. 4, a,
one can see that these dependences have a linearly de-
creasing character for PVA solutions in DMSO:

C:CO—OZ(T—T()), (5)
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Fig. 4. Temperature dependences of the concentration (a) for
the PVA solution in DMSO at various constant radii of the
macromolecular coil: 65.75 + 0.05 (1), 68.65 + 0.05 (2), and
70.55£0.05 A (3); (b) for the PVA solution in water at various
constant radii of the macromolecular coil: 59.65 £+ 0.05 (1),
61.35 + 0.05 (2), and 63.45 4 0.05 A (3)

Values of Cp and «
in Eq. (5) for PVA solutions in DMSO

R, A Co, wt.% «, K1
65.75 £ 0.05 5.204 0.009
68.65 £ 0.05 4.819 0.009
70.55 + 0.05 4.665 0.010

where Ty = 293 K, and the values for Cy and « are
quoted in Table.

It is quite expected that the growth in the solu-
tion concentration enhances the interaction between
macromolecular coils. This interaction diminishes the
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Fig. 5. Schematic diagram of the density distribution in a
PVA macromolecule

effective radii of macromolecules. At the same time,
the temperature variation at a fixed solution concen-
tration enhances fluctuations of the local density in
the macromolecular coil periphery. Therefore, the re-
duction of the effective macromolecular radius takes
place as a result of both the ordinary concentration
growth and the growth of the segment density fluc-
tuations in the coil periphery, when the temperature
increases.

Furthermore, the thermally induced fluctuations
of the segment density in a rarefied periphery (see
Fig. 5) are rather substantial. As a result, the pe-
riphery “transparency” increases, and its influence on
the shear viscosity decreases. The increase in the con-
centration in the system is associated with a change
of the macromolecular chemical potential, i.e. it can
be regarded as a reaction of the system to an ex-
ternal force. In a sense, this is an analog of the
fluctuation-dissipation theorem [15], which relates a
system response to an external force with equilib-
rium fluctuations of the conjugate quantity. Following
the same speculations, an analog of the fluctuation-
dissipation theorem can also be formulated for the be-
havior of macromolecules: fluctuations of segments at
the macromolecule periphery are determined by the
system response to a change of the macromolecular
chemical potential.

The same dependences C' = f(T')| r=const, but for
aqueous PVA solutions, can be approximated by two
straight lines with different slopes, which intersect
each other at a temperature of 315+2 K. This implies
that the liquid PVA-water system changes its micro-
scopic properties at this temperature. When compar-
ing the concentration dependences on the tempera-
ture at a constant macromolecular radius obtained
for the PVA-DMSO and PVA-water systems, we may
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assume that the indicated changes in the properties
of the PVA-water system take place owing to the
changes in the properties of the solvent (water). As
was shown in work [16,17], there is a dynamic phase
transition in water at a temperature of 42 °C (317 K),
at which the character of the thermal motion of water
molecules essentially changes, and a redistribution of
hydrogen bonds takes place.

5. Conclusions

On the basis of the experimental data obtained for
the viscosity of polyvinyl alcohol solutions in dimethyl
sulfoxide and water with variuos concentrations rang-
ing from 0.3 to 3 wt.% and in the temperature
interval 293+353 K and the Malomuzh—Orlov the-
ory of the shear viscosity of macromolecular so-
lutions, the temperature and concentration depen-
dences of the effective radii of PVA macromolecules
in dilute aqueous and DMSO solutions are calcu-
lated. The temperature dependences of the effective
radii of PVA macromolecules in DMSO are shown
to be linear within the experimental error limits. In
aqueous PVA solutions, the temperature dependences
of effective macromolecular radii are more compli-
cated: 1) at relatively low temperatures and con-
centrations, the effective radii of macromolecules re-
main unchanged; 2) at higher concentrations, the ef-
fective radii decrease nonlinearly with the increasing
temperature. The concentration dependences of effec-
tive macromolecular radii have a nonlinearly decreas-
ing character for both solvents. An important task
for further researches is a clear formulation of the
fluctuation-dissipation theorem for macromolecules
in solutions and a demonstration of its application.
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0.B. Xopoavcokuli

EOEKTUBHI PAJIIYVCI
MAKPOMOJIEKYJI Y PO3SBABJIEHUX

PO3YMHAX IIOJIIBIHIJIOBOI'O CITUPTY
Peszmowme

Ha ocHOBI ekciepuMeHTaJIbHUX JAaHUX B’SI3KOCTI pO30aBIEHUX
posunuiB nouisininosoro cuupry (IIBC) y aumerunscynbdo-
kengi (JIMCO) Ta Boai 3a JOIOMOIOIO TEOPil 3CYyBHOI B’S3KOCTI
po3unHiB MakpoMoseky1 Masomy2ka—OpioBa JOCTIIKYIOTHCSI
TeMIIepaTypHi Ta KOHIIEHTPAIliiHI 3aJIe2KHOCTI e(DEKTUBHUX pa-
AiyciB MAKpOMOJIEKYJI ToJIiBiHLIoBOrO crimpTy. [lokasano, o B
inTepBaJsi Temneparyp 293-353 K remmneparypni 3asexHOCTI
edexTuBHUX paaiyciB makpomosekyn I[IBC y JIMCO marorb
JiHIHUA XapakTep, ToAl K y Boguux posunHax [IBC raki 3a-
JIE?KHOCTI € OiJIbIN CKJIAHUMU: 328 BiJJTHOCHO HU3BKHUX TeMIIepa-
Typ 1 KOHIIeHTpaniil BeauInHu epeKTUBHUX PasiyciB MaKpOMO-
JIEKYJI 3aJIUIIAIOTHCS HE3MIHHUMHE, a 3POCTaHHS TeMIEePaTypH
i KOHIEHTPAIl MIPU3BOJIUTH JI0 HEJIHINHOrO 3MeHIeHHsT ede-
KTUBHUX DaJiyciB MakpomoJieKysl. KoHIleHTpariiiHi 3a/exKHo-
cTi edpbeKTUBHUX PaJIilyCiB MAKPOMOJIEKYJT B 060X PO3YMHHUKAX
s inTepBasy kouunerTpanii 0,3-3 mac.% HOCATH HesiHIHHMI
CITaJTHUI XapaKTep.
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