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Abstract: We have classified a number of aqueous ternary systems containing two different polymers into three
types by focusing on the deviation of the Huggins constant & “ from the additivity line. Systems of type I have negative
deviations of k”; the repulsive interaction between the two different polymers dominates. In systems of type II, &
almost follows the additivity relation; the repulsive and attractive interactions between the two different polymers
are balancing. Type HI systems have positive deviations of k; the attractive interactions are relatively dominant. This
classification of systems is supported by the fact that the positive and negative deviations of k£” from the additivity line
also correspond to the sign of interaction parameter between polymer 2 and 3, Ab,;. Furthermore, we have verified
the relatively high compatibility between dextran and poly(vinyl alcohol) by determining the binodal concentration
of a liquid-liquid phase separation for a water/dextran/poly(vinyl alcohol) system, which is classified as type TII.
Thus, we found that the compositional dependence of k” closely relates to the compatibility of binary polymer mix-
tures in aqueous ternary systems.
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Introduction

When two polymer solutions with the same solvent are
mixed, the two different polymers are dissolved each other
up to some concentration or cause a liquid-liquid phase
separation according to the interaction between two different
polymers.'? This intermolecular interaction is one of signifi-
cant factors for polymer blending. When the attractive inter-
action is dominant, the different polymers in blend sample
are highly compatible and can be mixed uniformly even in
the solid state. Contrary, when the repulsive interaction is
dominant, the blend sample causes a micro phase separation
which characterizes generally the physical properties of
samples.

Recently, we have reported the temperature and composi-
tion dependence of the intrinsic viscosity [77], the Huggins
constant k', and the interaction parameter between two dif-
ferent polymers Ab,; in various ternary systems.’ In the
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systems, water was used as a common solvent and two of
following water-soluble polymers were blended: poly(eth-
ylene glycol) (PEG), poly(vinyl alcohol) (PVA), poly(N-
vinylpyrrolidone) (PVP), dextran (Dex), and pullulan (Pul).
In high polymer-concentration regions of all the systems,
we have observed a liquid-liquid phase separation.*’

It is well known that k' reflects overall hydrodynamic
interactions among polymer chains in solution, whereas Aby;
is restricted to the interaction between two different poly-
mer species. A positive or negative sign of Ab,; corresponds
to the attractive or repulsive interaction, respectively, and its
magnitude indicates the strength of interaction.®® In this
paper, the typical results of k' and [n] are graphically pre-
sented, and the relation between k' and Ab,; is detailed. As a
result, the aqueous ternary systems investigated so far could
be classified into three types by examining whether k' follows
the additivity line or not. It has been also found that the
composition dependence of k' closely relates to the compati-
bility between two different polymers in the aqueous ternary
systems.
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Table 1. Characteristics of Polymer Samples

Sample M,/10°gmol”’ M,/M,

Supplier

PVP 4.0 - Kishida Chemical Co., Ltd.

PEG 2.0 1.10 Kishida Chemical Co., Ltd.

PVA 24 - Kuraray Co., Ltd.

Dex 7.5 - Wako Pure Chemical Industries
Experimental

Materials. The weight-averaged molecular weight M,, of
polymer samples used is presented in Table 1. PVA, PEG
and PVP samples were purified by a reprecipitational method
using a water-methanol, benzene-acetone and water-acetone
mixed solvent, respectively. Due to a probable slight differ-
ence in the condition of the reprecipitational purification,
there exists probably a little difference in M,, value of one of
these polymers for each system investigated. Dex was used
without further purification. The degree of saponification of
PVA sample was 98.5%.

Viscometry. Viscosity measurements for PVP/PVA,
PEG/PVA, and Dex/PVA mixed systems were made at 20,
30, and 40°C with a conventional capillary viscometer of the
Ubbelohde type. In the evaluation of the intrinsic viscosity
[n] and the Huggins constant &', the following three equations
were used.

n,/c=[n+knie (1

In(m, + 1/ = +(K -3 mr'e @
2, ! 2
2in,=In(m,+ DI Ve =m+(K-3 e @)

Eq. (1) is well known as the Huggins formula, and eq. (2)
and eq. (3) are the derivative formula by Mead-Fuoss and
Billmayer, respectively.

Determination of Ab,;. Interaction parameter Ab,;
between polymer 2 and polymer 3 in the ternary solution
was calculated as follows.’

The specific viscosity of binary polymer mixtures was
expressed as

(n&p)mlcm = [n]m + bWICWl (4)
Here (n,,)., and c¢,, denote the specific viscosity and total
mass concentration of the mixed polymer solution, respec-

tively, and [n], is the intrinsic viscosity of the mixture
which is theoretically defined as

{11, = [Nhws +[N]sws 5)

where [77]; is the intrinsic viscosity of binary solution of
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polymer i and w; is the weight fraction of i component of
polymer in the mixture. The quantity b,, is defined as total
interactions between all polymeric species and represented

as’

b,= [Zwi(bi)l/2]2 = b22W§+2b23W2W3+b33W§ (6)
with
bii = k’i [T’]iz (7)

where k'; is the Huggins constant of the i component.

It is known that by; is a complex interaction parameter in
which hydrodynamic and thermodynamic interactions as
well as possible other interactions are included. Assuming
the absence of thermodynamic interactions of i-i and j-j
types in the corresponding binary systems, we can evaluate
the intermolecular interactions of the i-j type as

bty = (b22b33)”2 (8

where superscript * means “theoretical”. Value of Ab,; can
be obtained by subtracting the calculated value of 5%,; from
the value of b,; experimentally obtained by eq. (6).

Abzz = b23 - b*23 (9)

Liquid-Liquid Phase Separation. The binodal concentra-
tion of a liquid-liquid phase separation for water/Dex/PVA
system was determined according to the method previously
reported by us.’

Results and Discussion

Intrinsic Viscosity. The lower sides of Figures 1 through
3 show results of the polymer-composition and temperature
dependence of [n] for water/PVP/PVA, water/PEG/PVA,
and water/Dex/PVA system, respectively. It is seen in these
figures that [n] follows each additivity line of eq. (5), which
was also observed in all systems examined.” This result
seems to be reasonable because [1] reflects the hydrody-
namic volume of a single polymer chain at infinite dilution
where any intermolecular interactions vanish. In addition, [1]
becomes small as the temperature increases. This behavior
was also observed in all systems examined.” It may be
caused by a reduction in the amount of hydration around a
polymer chain. Discussion about this assignment is given in
the reference of [6].

Huggins Constant. £’ becomes large with increasing
temperature for all systems investigated,® as demonstrated
in the upper side of Figures 1-3. This suggests that overall
attractive interactions among polymers in solution become
strong as the temperature increases. Cragg et al.'’ also
mentioned that the attractive interaction among polymers in
solvent 1/polymer 2/polymer 3 ternary systems became
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Figure 1. Polymer-composition and temperature dependence of
[n) (unfilled symbols) and &’ (filled symbols) for water/PVP/
PVA system. Broken lines indicate the additivity line of k' calcu-
lated by eq. (10).
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Figure 2. Polymer-composition and temperature dependence of
(] and £’ for water/PEG/PVA system. Symbols are the same as
used in Figure 1.
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Figure 3. Polymer-composition and temperature dependence of
[n] and k' for water/Dex/PVA system. Symbols are the same as
used in Figure 1.

strong as the temperature increases.

However, It is well known that behaviors of £’ for multi-
component systems are so sophisticated that any appropriate
molecular theory has not been developed so far to explain
experimental results of k. It is considered that k' should be
influenced by the following factors; the conformational
change of each polymer chain with mixing, the thermody-
namic or hydrodynamic interactions among polymers, the
structural change of hydration or solvation, and so on.

Therefore, we have tried to explain the k' behaviors phe-
nomenologically by focusing on deviation of k' from the
additivity line, which is simply calculated by

k' =k,2W2+k'3W3 (1())

and drawn by broken lines in all figures. When the attrac-
tive interaction between two different polymer chains plays
an important role, specific viscosity 1, at a finite concentra-
tion will take a relatively large value compared with the non-
interacting state where the additivity of X" holds, which brings
larger values of £'. On the contrary, the repulsive interaction
will bring smaller values of k'. Here, it can be assumed that
the strength of interaction between the same polymer species
should always take the constant value regardless of polymer-
mixing composition. Therefore, the positive and negative
deviation of £’ from the additivity line should reflect indi-
rectly the attractive and repulsive interaction between two
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different polymers, respectively, as the positive and negative
sign of Aby; do.

Focusing on the deviation of k' from the additivity line,
we could classify all ternary systems investigated® into fol-
lowing three types.

Type I: k' deviates negatively from the additivity line as
illustrated in Figure 1. In this Figure, the typical result for
water/PVP/PVA system at 20, 30 and 40°C belonging to
type I is shown. The deviation of k' from the additivity
line comes up to 21%. Besides the binary mixture of PVP/
PVA, the following polymer mixtures in water belonged to
Type I: PVP/PEG at 10, 20 and 30°C; Dex/PEG at 10, 20
and 30°C; PVP/Dex at 20, 30 and 40 °C; Pul/Dex at 20, 30
and 40°C; Pul/PEG at 20, 30 and 40°C; Pul/PVP at 20 and
30°C; Pul/PVA at 20°C. In these systems, Ab,; had negative
values at any polymer composition.* This result means that
the attractive interaction between two different polymers is
relatively weak and the repulsive interaction becomes
dominant. It is also expected that the aqueous ternary solu-
tions of type I easily cause a liquid-liquid phase separation
at high concentration regions. Thus, the compatibility
between two different polymers in these solutions is
expected to be low.

Type II: &’ coincides with the additivity line. In Figure 2,
the result for water/PEG/PVA system are given as an example,
although &’ only slightly deviates from the additivity line
(2~6%). The following polymer mixtures in water belonged
to type II: PEG/PVA at 20, 30 and 40°C; Pul/PVA at 30°C,
and Pul/PVP at 40°C. In these systems, although Ab,; was still
negative, its absolute values were fairly close to zero.? It can
be considered, therefore, that in these systems the attractive
and repulsive interaction between two different polymers
are almost balancing and then each polymer is unperturbed
by mixing. In the systems of type II, the compatibility is
expected to be intermediate.

Type III: k' deviates positively from the additivity line as
demonstrated in Figure 3. Here the results for water/Dex/
PVA system are shown. The deviation of k' from the addi-
tivity line extends to 19%. The following polymer mixtures
in water belonged to type III: Dex/PVA at 20, 30 and 40°C;
Pul/PVA at 40°C. These systems had positive Ab,; values.’
In these systems, the attractive interaction between two dif-
ferent polymers is rather strong compared with the other
polymer pairs. The compatibility between two different poly-
mers in these systems is expected to be relatively high. It
may be caused by the formation of effective hydrogen-bond
between two different polymers through hydroxyl groups of
monomers.

In addition, water/Dex/PVA system showed a unique tem-
perature dependence of Ab,;.> Ab,; became small as the
temperature increased, contrary to the other systems where
it became large with increasing temperature. Therefore, the
attractive interaction between Dex and PVA and then the the
compatibility between them are expected to weaken as the
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temperature increases. Such a unique temperature dependence
of Ab,; is well explained by the temperature dependence of
strength of hydrogen bond. Here, it is very interesting to
note that k' does not show a unique temperature dependence
in water/Dex/PVA system, compared with the other systems.

Also, the following two systems studied by Suto et al."
belong to type III: water/PVP/hydroxypropyl cellulose sys-
tem and water/glucose/hydroxypropyl cellulose system. In
these systems, k’ deviated positively from the additivity line,
while Ab,; was positive and it weakened with increasing
temperature.

Compatibility between Dex and PVA. From the above
results, it is expected that the compatibility between Dex and
PVA is relatively high among the polymer pairs investigated.®
In deed, we could verify in the present work the relatively
high compatibility by determining the binodal concentration
of a liquid-liquid phase separation for water/Dex/PVA sys-
tem. A value of 19.9% for the binodal concentration of the
polymer mixture (weight ratio Dex/PVA = 1) was obtained.
This concentration is rather high compared with those for
the other aqueous ternary systems containing Dex or PVA
with a similar molecular weight M,, and the same degree of
saponification of PVA.*%' Therefore, this result suggests the
relatively high compatibility between Dex and PVA. We have
also found, in the above experiment, that at higher temperature
the aqueous solution of Dex/PVA tends to cause more easily
a liquid-liquid phase separation. This tendency seems to be
consistent with the argument, noted in type III section, that
the compatibility between Dex and PVA is expectetd to
weaken with increasing temperature.

Conclusions

The values of [17] always coincided with the additivity line,
and they became small as the temperature increased. Focusing
on the deviation of k' from the additivity line, we could clas-
sify a number of aqueous ternary systems into following
three types. Type I: negative deviation of k'; the repuisive
interaction works between two different polymers, and the
compatibility between them is relatively low. Type II: addi-
tivity of k' holds; each of two different polymers exists as an
unperturbed state after mixing, and the compatibility is
intermediate. Type III: positive deviation of k'; the attractive
interaction works between two different polymers, and the
compatibility is relatively high. Such a classification is sup-
ported by the fact that the positive and negative deviation of
k' from the additivity line just corresponded to the sign of
Ab,;. The relatively high compatibility between Dex and PVA
was verified by determining the binodal concentration of a
liquid-liquid phase separation for water/Dex/PVA system.
Hereafter, one can easily judge the compatibility of binary
polymer mixtures in the aqueous ternary systems by exam-
ining the composition dependence of k'.

249



1. Inamura et al.

References

(1) P. J. Flory, Principles of Polymer Chemistry, Cornell Univ.
Press, Ithaca, New York, 1953.

(2) H. Yamakawa, Modern Theory of Polymer Solutions, Harper
& Row, New York, 1971.

(3) I. Inamura, K. Akiyama, and Y. Kubo, Polym. J., 29, 119
(1997).

(4) L Inamura, Y. Jinbo, Y. Akiyama, and Y. Kubo, Bull. Chem.
Soc. Jpn., 68, 2021 (1995).

(5) R.I. Hefford, Polymer, 25, 979 (1984).

(6) I Inamura, Y. Jinbo, M. Kittaka, and A. Asano, Polym. J., in

250

press (2004).
(7) L Inamura, Polym. J., 18, 269 (1986).
(8) W.R. Krigbaum and E. T. Wall, J. Polym. Sci., §, 505 (195C).
(9) V. Soria, J. E. Figueruelo, and A. Campos, Eur. Polym. J., 17,
137 (1981).
(10) L. H. Cragg and C. C. Bigelow, J. Polym. Sci., 16, 177
(1955).
(11) S. Suto, M. Oshima, O. Takatsu, and M. Karasawa, Kobunshi
Ronbunshu, 43, 237 (1986).
(12) 1. Inamura, K. Toki, T. Tamae, and T. Araki, Polym. J., 16,
657 (1984).

Macromol. Res., Vol. 12, No. 2, 2004



