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Abstract
The aim of this work was the investigation of the formation of structures in solutions of individual polymers, as well as 
their blends with each other in buffer solvents with different values of pH. In this study we used a sample of chitosan (degree 
of deacetylation ~ 84 %, M = 130,000), which is a polycation when dissolved, and polyvinyl alcohol (r = 1.25 g/cm3, M = 5000). 
Buffer systems based on acetic acid and sodium acetate with pH = 3.8, 4.25, and 4.75 were used as solvents. Viscosimetry 
was used to determine the intrinsic viscosity, the degree of structuring, and the Huggins constant. The Kriegbaum method 
was used to determine the nature of the aggregates formed by the blend of the studied polymers. 
In the course of the research, it was shown that an increase in the pH of the acetate buffer used as a solvent was accompanied 
by a compression of the macromolecular coil (a decrease in intrinsic viscosity values), a deterioration in the quality of the 
solvent (an increase in Huggins constant values), and an increase in the degree of polymer aggregation in a solution for 
chitosan polyelectrolyte. At the same time for a solution of polyvinyl alcohol the pH of the buffer practically did not affect 
the nature of the polymer-solvent interaction. It has been proved that polymer blends are characterized by an increase in 
aggregation processes and a decrease in the thermodynamic quality of the solvent in comparison with solutions of individual 
polymers. The size of the “combined” macromolecular coil, characterized by the intrinsic viscosity value for the polymer 
blend, which can be both above (buffer solvent with pH = 3.80) and below (buffer solvent with pH = 4.25 and 4.75) additive 
values, changed depending on the type of formed polymer-polymer aggregates (homo- or hetero-). It was established that 
the type of aggregates (homo- or hetero-) formed in solutions of polymer blends was determined not only by the 
thermodynamic quality of the used solvents, but also by the concentration of the polymers in the initial solutions. 
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1. Introduction
It is known that the prehistory of the formation 

of a polymer material from a solution can affect a 
number of its characteristics: elasticity, strength, 
thermal stability, and many others [1–4]. This is 
due to the fact that even after the careful removal 
of the solvent, the nature and thermodynamic 
quality of the solvent used, the initial concentration 
of polymers in the solution, and the ratio of the 
components in the blend affect the properties and 
structure of films or fibres formed from a solution 
[4–7]. For example, due to the use of solvents of 
different thermodynamic qualities in relation to 
the polymer, various supramolecular structures 
were created in solutions, which remain in the 
metastable systems formed after the removal of 
solvents and further in the solid phase [8]. Thus, 
even in the case of obtaining materials from 
polymer-solvent systems, the hierarchy of the 
structures being formed, both in a dilute solution 
and in a condensed state, is complex and diverse, 
not to mention polymer-polymer-solvent systems.

Taking these facts into account, it becomes 
clear that it is extremely important to study 
the formation of the structures of polymers, as 
well as their blends in solutions, not only for 
the solution of specific applied problems, but 
also for obtaining new knowledge about the 
structures of polymers in solutions. The aim of 
this study was the investigation of the formation 
of structures in solutions of individual polymers 
(chitosan (ChTS) and polyvinyl alcohol (PVA)), 
as well as their blends with each other. The 
choice of polymers was due to their physiological 
activity [9], as well as a number of properties, 
such as biocompatibility, biodegradability, 
atraumaticity, high sorption capacity, minimal 
immune response of the organism, etc. [10–

17]. It should be noted that, when dissolved in 
acidic media, ChTS acquires the properties of a 
polyelectrolyte, namely, a polycation, which has 
a major effect on its physiological activity.

2. Experimental 
For the study we used a sample of chitosan ChTS 

(manufactured by ZAO Bioprogress, Shchelkovo), 
obtained by the alkaline deacetylation of 
crab chitin (degree of deacetylation ~ 84 %), 
M  =  130000, which, upon dissolution is a 
polycation (Fig. 1a), and polyvinyl alcohol PVA 
(Fig.1b), grade 11/2 produced by OOO Reakhim 
r = 1.25 g/cm3, M = 5000.

Acetate buffers with pH = 3.8 (buffer solu
tion 1), 4.25 (buffer solution 2), and 4.75 (buffer 
solution 3) were used as solvents. The acetate 
buffers were prepared by mixing 0.2 M acetic acid 
and 0.2 M sodium acetate: pH = 3.8–12 ml and 
88 ml, pH = 4.25–32 ml and 68 ml, pH = 4.75–
60 ml and 40 ml, respectively.

For the determination of the intrinsic viscosity 
[h], the polymer was dissolved in an acetate buffer 
(for the exclusion of the effect of polyelectrolyte 
swelling for chitosan) for 24 h at room temperature 
with constant stirring. The intrinsic viscosity was 
determined viscometrically according to the 
standard method using an Ubbelohde viscometer 
at 25 °C [8] (by extrapolating to zero using the 
Huggins and Kroemer equations), the polymer 
concentration in the solution was varied from 
0.1 to 0.5 g/dl. The experimental error was not 
higher than 1 %.

The degree of structuring of the solution 
(d) was determined as the slope of the line of 
the experimental dependences of the specific 
viscosity of solutions on the concentration 
of the polymer in the solution in logarithmic 
coordinates [18] (Fig. 2a).

                                                                       а                                                                                         b
Fig. 1. Structural formulas of chitosan (a) and polyvinyl alcohol (b)
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The experimental data were analysed using 
the Kriegbaum method: according to the Huggins 
equation:

hspecific/C = [h] +bC;

where b = [h]2Kх.
The parameter of intermolecular interaction 

for individual polymers (b11, b22) was determined 
as the slope of the linear part of the dependence 
of the reduced viscosity on the polymer 
concentration (Fig. 2b).

Then, at each fixed concentration, the 
experimental parameter of intermolecular 
interaction (b12 (exp)) for a blend was determined 
according to the formula:
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The parameter of intermolecular interaction 
Db12 (Db12 = b12(exp) – b12(theor); b12(theor) = (b11b22)

0.5) was 
determined by comparing b12(exp) and b12(theor). The 
types of the associates formed can be determined 
by the change of Db12: positive values of Db12 
indicate the presence of associates between 
dissimilar macromolecules in the solution 
and negative values indicate the presence of 
homoassociates.

3. Results and discussions 
The study of the dynamic properties of 

macromolecules in solutions, in particular their 
hydrodynamic behaviour, provides information on 
the intermolecular interactions. In the description 
of the viscosity properties of dilute solutions, 

as a rule, the interaction of macromolecules is 
neglected and their description is based on the 
linear dependence of the increase in viscosity on 
the concentration of the polymer solution. In the 
region of transition from dilute to semi-dilute 
solutions (crossover region), where the mechanism 
of mass transfer and the conformational regime 
of macromolecules change, and the formation 
of entangled network occurs. In accordance 
with the scaling theory in this region there is a 
deviation from the linearity of the concentration 
dependence of viscosity h ~ cd. This is revealed 
by the change in the slope of the corresponding 
dependence in double logarithmic coordinates. 
According to generally accepted concepts, the 
tangents to the initial and final sections of this 
dependence intersect in the region of c*, and the 
slopes are equal to 1 and 15/4 [19, 20].

Indeed, as was shown by viscometric studies 
of ChTS and PVA solutions in aqueous solutions 
with different values of pH (buffer solution 1 – 
pH = 3.80, buffer solution 2 – pH = 4.25, buffer 
solution 3 – pH = 4.75), the representation 
of the dependences of the specific viscosity 
of polymer solutions on concentration in 
logarithmic coordinates allows determining 
the concentration of c* as the value from which 
the experimental curve deviates from a straight 
line. It should be noted that in the case of ChTS 
solutions, which have a polyelectrolyte nature, 
the value of с* changes with changes in the pH 
of the medium (see Table 1). 

As can be seen from Table 1, with an increase 
in the pH of the aqueous solution, the crossover 

                                           а                                                                                                        b
Fig. 2. Graphical methods for determining the degree of structuring of the solution (a) and Huggins constant (b)
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occurred somewhat later, which indicates a slight 
decrease in the size of the macromolecular coils. 
For PVA solutions, a crossover in the studied 
concentration range (up to 1 g/dL) was not 
observed due to the low molecular weight of PVA.

In addition, the description of the viscosity 
properties of polymer solutions, should consider 
the possibility of reversible aggregation processes, 
which can occur not only in the region of high 
concentrations, but also in the region c < c*. 

It is known that in the translational mechanism 
of mass transfer in aggregated suspensions, the 
contribution to the viscosity is made not by 
individual particles with a volume V0, but by their 
aggregates, the volume of which V(n) depends not 
only on the number of constituent particles n, but 
also on the density of their packing, characterized 
by the fractal dimension D:

V(n)= V0
.  n3/D.		  (1)

As a result of the loose packing of the 
suspension particles in the aggregate, their 
contribution to the viscosity starts to depend 
non-linearly on the concentration:

Dh ~ h0 
. Сd , d > 1.		  (2)

A similar reasoning extends to polymer 
solutions when considering the dynamic 
properties of polymer coils taking into account 
the excluded volume effect (the model of 
impermeable coils) [18].

The processing of  the experimental 
dependences of the specific viscosity of polymer 
solutions on the concentration in double 
logarithmic coordinates allows determining the 
power value d in the scaling dependence (2), the 
corresponding values of which are presented in 
Table 1. 

A comparison of the obtained values shows 
that in all considered cases, the values of the 
scaling parameter exceed 1, which unambiguously 

indicates that the processes of aggregation in the 
polymer solution begin in the region of dilute 
solutions. 

Table 1 shows the values of the intrinsic 
viscosity and the Huggins constant (Кх) of the 
studied polymers, which allowed the quality of 
the used solvents to be estimated. An analysis 
of these data for PVA and ChTS solutions in 
buffer solutions with different pH confirms 
the conclusions about the deterioration of the 
solvent quality and a decrease in the coil size 
with increasing pH in the case of ChTS. The 
sizes of PVA coils practically did not change 
with a change in the pH of the medium, which 
should be expected, considering that PVA is not 
a polyelectrolyte.

As a result of mixing ChTS and PVA solutions 
with equal concentrations, both the additive 
behaviour of the mixed solutions and deviations 
from additivity due to the rearrangement of the 
structure of polymer solutions, caused by both 
the different nature (ChTS is polyelectrolyte, 
PVA is not), and by the difference in molecular 
weight of macromolecules can be expected. An 
increase in the structuring of mixed solutions in 
comparison with solutions of individual polymers 
can be indicated, first of all, by the degree of 
aggregation (d). 

As can be seen from data presented in Fig. 3, 
polymer blends and solutions of individual 
polymers, are aggregated systems in all used 
buffers, regardless of the pH of the solvent, and for 
all compositions of ChTS: PVA blends. It should be 
noted that the values of the degree of aggregation 
are always higher than the additive values, which 
characterizes an increase in the intermolecular 
interaction of macromolecules. However, a general 
pattern was noted: with the deterioration of the 
thermodynamic quality of the solvent, e.g. with 
the transition to a more alkaline buffer, higher 
deviations from the additive values were observed.

Table 1. Characteristics of the studied polymers obtained from viscometric data

Polymer Solvent c*, g/dl d Kx [h], dl/g

ChTS
Buffer1 (pH = 3.80) 0.24 1.25 0.54 6.80
Buffer2 (pH = 4.25) 0.26 1.28 0.60 5.70
Buffer3 (pH = 4.75) 0.28 1.35 0.62 5.00

PVA
Buffer1 (pH = 3.80) – 1.10 0.80 0.50
Buffer2 (pH = 4.25) – 1.15 0.80 0.50
Buffer3 (pH = 4.75) – 1.20 0.81 0.49
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The increase in the degree of structuring of 
the solution was also evidenced by the values of 
Huggins constant (Fig. 4). As can be seen from 
the data presented, deviations from the additive 
values were observed for all solvents (buffer 
systems) used in the study.

Based on the values of the degree of aggregation 
and Huggins constant it can be stated that the 
formation of structures in solutions increases 
with polymer mixing. However, the analysis of the 
dependence of the intrinsic viscosity (reflecting 
the conformational state of macromolecules) on 
the composition of the polymer blend solutions 
indicates that the nature of the formed aggregates 
is different when using solvents with different 
values of pH (Fig. 5).

As can be seen from the data in Fig. 5, 
representing the dependence of the intrinsic 
viscosity on the composition of the blend for 
solutions with different pH, in a more acidic 
medium (with pH = 3.8) the mixed macromolecular 
coils “swell”, while in a more alkaline buffer - 3, 
the coils are “squeezed” , as evidenced by the 
negative nature of the deviation of the intrinsic 
viscosity from the additive values.

The processing of the viscometric data by the 
Krigbaum method allowed determining the nature 
of the aggregates formed by the PVA-ChTS blend. 
It was found that the nature of the aggregates in 
the polymer blend depends not only on the pH of 
the used solvent, but also on the concentration of 
the initial polymer solutions (Fig. 6).

Fig. 3. The dependence of the aggregation d degree of ChTSZ-PVA solutions in buffer solution 1 (1), in buffer 
solution 2 (2), in buffer solution 3 (3)

Fig. 4. The dependence of the Huggins constant of ChTS-PVA solutions in buffer solution 1 (1), buffer solution 
1 (2) and in buffer solution 3 (3)
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Thus, in buffers with pH = 4.25 and 4.75, 
the formation of homoaggregates from 
macromolecules occurred with all investigated 
concentrations of the initial solutions of ChTS and 
PVA. This was evidenced by the negative values of 
the intermolecular aggregation parameter (∆b12) 
(Fig. 6 b, c). 

In the case of a more acidic solution with 
pH = 3.80, a complex dependence of the values 
of the intermolecular aggregation parameter 
on the concentration of the initial polymer 
solutions was observed. Thus, at concentrations 
lower and slightly exceeding c*, positive ∆b12 
values (Fig. 6, curves 1, 2, 3) were revealed, which 

Fig. 5. The dependence [h] of ChTS-PVA solutions in buffer solution 1 (1), in buffer solution 2 (2), in buffer 
solution 3 (3)

Fig. 6. The dependence of the intermolecular aggre-
gation ∆b12 parameter of ChTS-PVA solutions in 
buffer solution 1 (a), in buffer solution 2 (b), in buffer 
solution 3 (c). Concentrations of the initial polymer 
solutions were 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (4), and 0.5 
(5) g/dl

а

b

c
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indicate the formation of mixed associates. At 
high concentrations of the initial ChTS and PVA 
solutions, negative values of intermolecular 
aggregation (Fig. 6, curves 4, 5) and, accordingly, 
the formation of homoaggregates were detected.

Probably, in a more acidic solution with 
concentrations slightly exceeding the crossover, 
the capture of PVA molecules by the ChTS 
macromolecules with the corresponding 
formation of heteroaggregates occurs. In more 
basic media (buffer solvents 2 and 3) and 
when с* in buffer solvent 1 is exceeded, ChTS 
macromolecules were compressed, as a result of 
which each of the polymers aggregates separately 
from each other. 

Thus, the performed studies showed that the 
formation of aggregates from macromolecules 
is possible in the case of solutions of individual 
polymers and in the case of their blends even in 
the region of dilute and semi-dilute solutions 
of polymer blends, which are a single-phase 
solution without a visible interface. The type of 
formed aggregates was largely determined by the 
nature and thermodynamic quality of the selected 
solvent, as well as by the concentration of the 
initial polymer solutions.

4. Conclusions
1. It was shown that for ChTS polyelectrolyte 

solutions, an increase in the pH of the acetate buf-
fer used as a solvent is accompanied by a shrink-
age of the macromolecular coil (a decrease in the 
intrinsic viscosity values), a deterioration in the 
quality of the solvent (an increase in the Huggins 
constant), and an increase in the degree of poly-
mer aggregation in the solution. For PVA solu-
tions, the pH of the solution practically did not af-
fect the nature of the polymer-solvent interaction.

2. It has been proven that polymer blends are 
characterized by an intensification of aggregation 
processes and a decrease in the thermodynamic 
quality of the solvent in comparison with 
solutions of individual polymers. The size of 
the “combined” macromolecular coil (intrinsic 
viscosity value for a polymer blend) in this case 
can be both higher (buffer 1 with pH = 3.80) 
and below (buffer 2 with pH = 4.25 and buffer 3 
with pH = 4.75) the additive values, which is 
determined by the type of (homo- or hetero-) 
formed polymer-polymer aggregates.

3. It was found that the type of aggregates 
formed in solutions of polymer blends (homo- 
or hetero-) are determined not only by the 
thermodynamic quality of the used solvents, 
but also by the concentration of polymers in the 
initial solutions. 
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Abstract
In this work, nano-sized crystalline praseodymium orthoferrite was successfully synthesized via sol-gel method using water 
– methanol co-solvent. Single-phase PrFeO3 nanoparticles were formed after annealing the precursors at 650, 750, 850, 
and 950 °C during 60 min. The crystal size, lattice volume and coercivity (Hc) of nanocrystalline PrFeO3 increase with the 
annealing temperature. The obtained praseodymium orthoferrite exhibited paramagnetic properties with Hc = 28 – 34 Oe.     
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