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ABSTRACT: Miscibility of poly(ethylene glycol) (PEG)
with dextran (Dx) was investigated by dilute solution vis-
cometry. Dilute solution viscosity measurements were made
on ternary systems, polymer (1)/polymer (2)/solvent (H,O),
for four different average molecular weights of PEG and Dx.
The intrinsic viscosity and viscometric interaction parame-
ters were experimentally measured for the binary (solvent/
polymer) as well as for the ternary systems by classical
Huggins equation. Degree of miscibility of these polymer
systems was estimated on the basis of the four following
criteria: (1) the sign of the Ak, (2) the sign of «, (3) the sign

of AB, and (4) the sign of the p. Based on the sign convention
involved in these criteria, immiscibility was observed in
most systems. The miscibility of all these systems in accor-
dance with the interactions between the unlike polymer
chains rather the polymer-solvent interactions were inves-
tigated depending on molecular weight of polymer sample.
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INTRODUCTION

In search of new polymeric materials, either new
monomers are polymerized or copolymerization tech-
nique is used to tailor-make a new product. An alter-
native method has been to blend existing polymers to
produce materials with desired properties. An obvi-
ous advantage of this approach is that it usually re-
quires little or no extra capital expenditure relative to
new polymers. It is also possible to produce a range of
materials with properties completely different from
those of the blend constituents.'

The miscibility between the constituents of polymer
mixture is an important factor in the development of
new materials based on polymeric blends. In recent
years, blends of homopolymers with graft copolymer
have assumed importance as toughened plastics.”
However, two components in a polymer—polymer
blend are in general not miscible. In addition to the
similarity in chemical structure, miscibility>* may
arise from specific interactions, such as hydrogen
bonding,” dipole-dipole forces,® and charge transfer
complexes’ for homopolymer mixtures or segment-
segment repulsion inside the blends. However, due to
very small entropy gain in mixing long polymer
chains and because of the usually encountered posi-
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tive heat of mixing, most polymer blends form two
phases.

Miscibility is defined as the ability to be mixed at a
molecular level to produce one homogenous mixture.
The miscible polymeric blends are those which satisfy
the thermodynamic criteria for a single-phase system.
(i.e., free energy of mixing AG is negative).

The majority of known polymeric mixtures are im-
miscible; however, several miscible polymer blends
were found in the last three decades. The miscibility of
polymer blend is calculated theoretically as well as
being estimated experimentally by dynamic mechan-
ical, thermal, electron-microscopic, neutron scattering,
spectroscopic, and viscometric techniques.'® Because
of its simplicity, viscometry is an attractive and very
useful method for studying the miscibility of the poly-
mer blends.® Additional advantages (i.e., that no so-
phisticated equipment is necessary and that the crys-
tallinity or the morphological states of the polymer
blends do not affect the result) make the viscometric
more convincing for characterizing polymer mixtures.
Also, the retarded diffusion of polymers in the solid
state makes it difficult to attain a condition of true
thermodynamic equilibrium and so the behavior of a
polymer mixture in solution is the best method of
assessing the miscibility.”'® In addition, dilute solu-
tion viscometry method provides information about
both polymer—polymer interactions and polymer sol-
vent interactions in solution. The effectiveness of di-
lute solution viscometry method is based on the as-
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TABLE I
Structures of Polymers Used

Polymer Structure

Dextran (Dx)

OH

Poly(ethylene glycol) (PEG)  OH-(-CH,—CH,—O-)-,H

sumption that mutual interactions of macromolecules
in solution have a great influence on the viscosity in
the ternary systems. A lot of work has been reported
on systems involving neutral or uncharged polymers
in organic solvents, complex mixtures of polymers
and microemulsions, neutral and water-soluble poly-
mers in water, and mixtures of polyanions in aqueous
solvents.'' !4

In this study, four different average molecular
weight poly(ethylene glycol) and dextran polymer
samples were selected to examine these pairs of mis-
cibility.

THEORETICAL

Miscibility parameters obtained by dilute solution vis-
cometry and derived from the classical Huggins equa-
tion'® are given by

e = [nlc + be? (1)

where 7, is the specific viscosity of a single-solute
solution, c is the mass concentration, [7] is the intrinsic
viscosity, and b is related to the Huggins coefficient k

by
b =k[n7]? (2)

where b is believed to reflect the binary interactions
between polymer segments. Huggins coefficient is a
measure of the interpenetration of polymer coils, the
extent of which depends upon the segment—segment
and segment-solvent interactions. This, in turn, affects
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the intermolecular hydrodynamic interaction and the
molecular dimensions. Krigbaum and Wall'® derived
an expression for the ideal mixture viscosity by rede-
fining 7, in the classical Huggins equation as

Nopm = [M]uCon + buCh, (3)

where [7],, is the intrinsic viscosity of the mixture, c,,
is the total polymer concentration, and b,, is the Hug-
gins slope coefficient which characterizes the interac-
tions of all polymer species. The slope b,, for a mixture
of polymer A/polymer B is given by

bm = bAwlzqdl‘bszB + 2bABwAwB (4)

where w, and wy are weight fractions of the polymers,
by, b, and b,y are the terms characterizing the inter-
actions of the same (A-A, B-B) and different (A-B)
polymer molecules, respectively, and the b,g term,
which is a complex parameter including the thermo-
dynamic and hydrodynamic interactions in the sys-
tem, is given by

bag = kag[mlalnls )

where k,y is the Huggins coefficient between different
(A-B) polymer molecules.
In contrast, eq. (4) yields

bas = b, — (bAwlzf-x + bszB)]/zwAwB (6)

Combining egs. (5) and (6) gives kg with all experi-
mental parameters

kas = [b,, — (bAwi + bBwé/ [n]almlswaws (7)

In the presence of only hydrodynamic interactions,
theoretical values of bg or k,p are calculated as geo-
metric means of b, and by or k, and kg

bAB,f = (bAbB)l/z (8)
kass = (kak)'? 9)
Because experimental b,g or kg values reflect both

hydrodynamic and thermodynamic interactions be-
tween polymer segments, the difference between ex-

TABLE II
Viscometric Data for Different Molecular Weights of Dx/H,O and PEG/H,O Binary Systems at 25°C
Polymer Dx Dx Dx Dx PEG PEG PEG PEG
sample (T 10) (T 40) (T 70) (T 110) (2000) (4600) (8000) (10000)
[n] AL g™ 0.0829 0.1698 0.2260 0.2819 0.0881 0.1360 0.1930 0.2445

[n]: Intrinsic viscosity.
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Figure 1 Plots of Ak,p, AB, o, and u as a function of weight fraction of PEG, Wy, for PEG (10,000)/Dx (T 110)/H,O, PEG
(10,000)/Dx (T 70)/H,0, PEG (10,000)/Dx (T 40)/H,0O, and PEG (10,000)/Dx (T 10)/H,O systems.

perimental and theoretical values, Akyg = kap — kap s
could give information on the thermodynamic inter-
actions of the polymers. Accordingly, Ak,z = 0 signi-
fies attractive interactions and miscibility, whereas
Ak,p < 0 indicates repulsion and immiscibility.

Sun et al.'” suggested a new criteria for polymer-
polymer miscibility in terms of a thermodynamic pa-
rameter, o, based on the classical Huggins coefficient
k,, in the blends by using the equation

k= {kalmTawh + ke[mliews
+2 \f%[ﬂ]A[ﬂ]BwAwB}/{[n]AwA + [nlgws)® + « (10)

According to Sun et al.’s approach for a ternary, poly-
mer A/polymer B/solvent system, three types of in-
teractions might contribute to the value k,,. These are
long-range hydrodynamic interaction of pairs of sin-
gle molecules, defined by k,,;, which is the same as k,,,

given in eq. (10): the formation of double molecules
given by k,, and intermolecular attraction or repul-
sion given by k,,;. Thus, the overall k,, turns out to be

km = kml + ka + km3 (11)

The second term k,,, can be neglected at sufficiently
low concentrations and in the absence of strong spe-
cific interactions that would encourage aggregation.
Reabbreviating k,,; as a and rearranging eq. (11), « is
given as

a = km - kml (12)

Based on the term k,,, Sun et al. thought that « can be
used to determine the miscibility of polymer blends:
when o < 0, immiscible; « = 0, miscible.
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Figure 2 Plots of Ak, AB, o, and p as a function of weight fraction of PEG, Wy, for the PEG (8000)/Dx (T 110)/H,O, PEG
(8000)/Dx (T 70)/H,O, PEG (8000)/Dx (T 40)/H,O, and PEG (8000)/Dx (T 10)/H,O systems.

In contrast, Chee’ proposed another criterion to de-
termine polymer—polymer miscibility described as

AB = (b, — b)/(2wwy) (13)
b = wab, + wghg (14)

where b,, is the observed interaction parameter for the
polymer mixture. b, b,, and bg values can be obtained
experimentally. Accordingly, AB = 0 indicates misci-
bility; AB < 0 indicates phase separation in the blend
system. Chee suggested a more effective parameter, p
for blend solutions having sufficiently far apart [n],
and [n]g values

n = {(bm - bA)/([n]m - [n]A)
— (bg — ba)/([nls — [m]a)}/2([nls — [nl,) (15)

A positive or zero u value indicates miscibility and a
negative u value indicates phase separation.'®

EXPERIMENTAL
Materials

The dextran (Dx) polymer samples studied in this
work were obtained from Pharmacia Fine Chemicals
AB (Uppsala, Sweden). The molecular weight charac-
teristics are determined by Pharmacia (except in T
70) and are given as for T 10 sample: M, = 6200; T
40 sample: M,, = 29,500 g mol~'; and T 110 sample: M,,
= 74000 g mol !. The number-average molecular
weight of T 70 Dx sample is determined as M,, = 46,800
g mol~' by Knauer membrane osmometer in aqueous
solution at room temperature.

The poly(ethylene glycol) (PEG) polymer samples
studied in this work were obtained from British Drug
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Figure 3 Plots of Ak,g, AB, @, and p as a function of weight fraction of PEG, Wy, for PEG (4600)/Dx (T 110)/H,O, PEG
(4600)/Dx (T 70)/H,0, PEG (4600)/Dx (T 40)/H,0, and PEG (4600)/Dx (T 10)/H,O systems.

House, BDH (Poole, United Kingdom). The molecular
weights of PEG samples are determined by viscomet-
ric measurement in aqueous solution at room temper-
ature and are given as for PEG 2000 sample: M, =
3190 g mol~'; PEG 4600 sample: M, = 7600 g mol ™ ;
PEG 8000 sample: M, = 15,306 g mol ™% PEG 10,000
sample: M, = 24,565 g mol™".

The structures of these polymers are given in Table
L. The water used as solvent was deionized and bidis-
tilled.

Experimental method

The viscometric behaviors of PEG, Dx, and PEG/Dx/
H,O solutions were performed at 25°C by using a
Ubbelohde-type capillary viscometer. The tempera-

ture of the thermostat was controlled within the range
of +0.1°C and the flow times were measured with a
digital accuracy of *+0.01 s. The stock solution of each
binary and ternary system was made by dissolving
polymer samples to a polymer concentration of 0.8 g
dL™". Dilutions to yield six lower concentrations were
made by adding solvent. Measurements were started
after an equilibrium time of 10 min. The average elu-
tion times of solutions were determined after several
measurements.

RESULTS AND DISCUSSION

Viscometry is a simple and effective technique for
monitoring complexation and interaction of polymer
blend solutions. Generally, if no specific interaction
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Figure 4 Plots of Ak,p, AB, @, and p as a function of weight fraction of PEG, Wy, for PEG (2000)/Dx (T 110)/H,O, PEG
(2000)/Dx (T 70)/H,O, PEG (2000)/Dx (T 40)/H,O, and PEG (2000)/Dx (T 10)/H,O systems.

exists in polymer pair, the component polymer coils
spatially isolate from each other in dilute solutions,
and the reduced viscosity of the polymer pair is close
to the additivity law of the component viscosity. How-
ever, positive or negative deviations from the additiv-
ity law may occur if the specific interactions between
the polymer pair are strong enough, suggesting inter-
molecular complexation.'” H-bond complexation is
dependent on many factors such as molecular weight
and its distribution of the component polymers, the
level of the interaction, and the solvent used. In these
polymer systems, H-bond complexation was investi-
gated depending on the molecular weight of the Dx and
PEG. Miscibility is generally known to be enhanced by
specific interactions between the polymer pairs (i.e., van
der Waals type interactions between polymers, due to
the presence of relatively polar, and polarizable groups
and hydrogen bonding if there is sufficient hydrogen
bonding sites present in the structures of polymer pairs).

Before discussion of data on PEG-Dx mixtures, it is
necessary to characterize the viscometric behavior of
each polymer separately in aqueous solutions. By using
the Huggins equation, intrinsic viscosities obtained for
the binary systems (PEG/H,0O and Dx/H,0) at 25°C are
tabulated in Table II. The intrinsic viscosities, [n], of
polymers with higher molecular weights have higher
intrinsic viscosity values.

Based on the experimentally observed [n] for the
binary (polymer/water) and ternary (polymer 1/poly-
mer 2/water) systems, the parameters of the miscibil-
ity criteria proposed by Krigbaum and Wall, Sun et al,,
and Chee were computed related equations. The plots
of miscibility parameters AB, w, o, and Ak,g versus
weight fraction of PEG (i.e., Wpgg) are illustrated in
Figures 1-4. According to Figure 1, viscometric study
shows that AB and Ak,g values are positive for the
PEG (10,000)/Dx (T 110) blend for the all weight frac-
tions. This indicates that these blends are miscible only
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Scheme 1 A schematic representation of the possible H-bond interaction between (a) Dx and H,O, (b) PEG and H,O.

for these molecular weights. Miscibility of the polymer
mixtures decreases as the molecular weight of Dx
decreases. In PEG (10,000)/Dx (T 70) blend systems,
miscibility decreases with an increasing weight frac-
tion of PEG (Wpgg). However, AB and Ak, values are
negative for the PEG (10,000)/Dx (T 10) blends, for the
weight fractions 0.5 and below, and these are positive
for the weight fractions above 0.5. u values of all
PEG/Dx blend systems are positive and miscible up to
weight fractions 0.5 and are negative and immiscible
for the weight fractions above 0.5. Although AB, w,
and Ak, have mostly negative values, a, which is
proposed by Sun et al.,'® has always positive values
for all blend systems.

AB and Ak, parameters of all blends of PEG (8000)
almost have negative values. u values are nearly zero
except for PEG (8000)/Dx (T 40) blend systems. How-
ever, a values of all blends again have positive values
(see Fig. 2). In Figures 3 and 4 some deviations are

observed. Most AB and Ak, values are small, espe-
cially at higher weight fractions of PEG but « are also
positive for these blend systems.

In different molecular weights of PEG/Dx/H,0 ter-
nary systems, there is sufficient hydrogen bonding
sites present in these polymer 1/polymer 2/solvent
(H,O) systems. However, the analysis of the miscibil-
ity criteria indicates that PEG/Dx blend systems do
not satisfy the miscibility criteria (except a parameter),
thus suggesting immiscibility between these two poly-
mers especially at lower molecular weights of Dx.
According to Figures 1-4, in PEG/Dx/H,0O ternary
systems polymers prefer to interact with H,O mole-
cules individually, because H,O is a small molecule
compared with PEG and Dx and it also has two hy-
drogen bonding units. For the blend solutions, com-
posed H-bond interacting groups, being nonionic, do
not possess sufficient contrast homogeneously in the
coils of the solution. The H-bonding between the un-
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like chains not only makes an interchain connection
but also influences the chain conformation; namely, it
causes the unlike-segment interaction pairing and
thus the chains lose their solvation ability.

AB values of the all polymer mixtures are negative
values. u values of all PEG/Dx blend systems are
especially zero and in some cases, it can be positive
and negative with changing of the content of the
polymer blend. It can be seen that the values of
parameter « are positive in all molecular weights of
the polymer samples and each polymer mixture
content. This approach makes miscibility criteria
unreliable. Ak, g value of the system predicted that
in some cases they should be miscible but in some
cases they should be immiscible.

The possible reason for the disagreement between
these four methods of Ak,g, u, AB, and «a is probably
the fact that viscometric criteria do not take into
account interactions between the polymer and sol-
vent but attribute the miscibility of two polymers
only to the specific interactions between the unlike
polymer molecules. Namely, in addition to the H-
bond interaction and H-bond formation between the
PEG and Dx molecules in aqueous solutions, there is
the possibility of the hydrogen bond formation be-
tween the water and each of the polymers. H-bond
interaction should be responsible for the miscibility
of the PEG and Dx. It can be proposed that favorable
interactions occur between —OH groups of the dex-
tran and —OH groups and etheric oxygen of PEG.
Under the conditions where immiscibility is exhib-
ited between the PEG and Dx, H-bonding interac-
tion between the two polymers should be strong
enough to overcome the intra- and intermolecular
H-bonding among the polymer and solvent
(Scheme 1).
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CONCLUSION

The present investigation clearly indicates that the
interaction in the blends studied by simple measure-
ments based on viscometry and interactions provides
valuable information about the miscibilities of the
blends. Miscibility parameters Ak,g, AB, and u dem-
onstrate that PEG/Dx blend systems do not satisfy the
miscibility criteria especially at lower molecular
weights of Dx. However, a parameter showed misci-
bility in all blend systems and we can say that this
miscibility criterion is unreliable.
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