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ABSTRACT: Solution miscibility of chitosan/polyethylene glycol fumarate blends dissolved in acetate buffer solution was investigated
in different blend compositions by viscosity, density, and refractive index measurement techniques at 30, 40, and 50°C. In order to
quantify the miscibility of the polymer pair, degree of miscibility was studied by means of two criteria known as interaction parame-
ters i.e., u and o. On the basis of the sign convention involved in these criteria, these values revealed that the blend solution was mis-
cible when the chitosan content was more than 80% (w/w) of the composition. The results were confirmed by density, and refractive
index measurements. Furthermore, the results showed that the miscibility window of chitosan/polyethylene glycol fumarate blends
was independent with respect to the changes in solution temperature. Therefore, these results suggested due to intermolecular hydro-
gen-bonding interaction between amino and hydroxy groups of chitosan and hydroxy groups of polyethylene glycol fumarate which

play an important role in the formation of miscible phase. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

During the recent years there has been a growing interest in mod-
ifying the existing polymers rather than synthesizing new ones to
improve both mechanical and physical properties. Polymers
blending, making composites, and synthesizing copolymers and
interpenetrating polymer network (IPN) can be named as some
of different modes of polymers modification.'™ Polymer blends
are physical mixtures comprising of structurally different polymers
that interact through secondary forces with no covalent bonding
though the best method of enhancing miscibility of a polymer
blend is to introduce specific weak molecular interactions.*”

The importance of blending has increased in the recent years
because it has become a useful approach for preparing materials
with tailor-made properties different from those of the constitu-
ent polymers.® Blending polymers may result in reducing their
basic cost, improving their processing efficiency, and maximiz-
ing their important properties. The gain in properties of the
blend depends on the degree of compatibility or miscibility of
the blended polymers at the molecular level. At first sight,
depending upon the degree of molecular mixing, blends may be
categorized into three groups including; totally miscible (compat-
ible), semimiscible (semicompatible), or immiscible (incompati-
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ble) blends.® Due to the fact that the Gibbs free energy of mixing
is positive because of negligible change in entropy as a result of
high molecular weight of polymers and with enthalpy term being
positive so totally miscible blends are rather rare.* A literature
survey reveals a variety of techniques of studying the miscibility
of polymer blends such as Fourier-transform infrared spectros-
copy (FTIR), positron annihilation lifetime spectroscopy (PALS),
thermal analysis e.g., differential scanning calorimeter (DSC),
scanning electron microscopy (SEM), dynamic mechanical studies
and viscometric techniques, and so on.””'® Some of these techni-
ques are rather costly and sophisticated, or time-consuming.
Hence, it is worthwhile to identify some simple, inexpensive, and
rapid techniques to study the miscibility of polymer blends.

Using a solvent system that is thermodynamically favorable for
both components is the simplest method to mix two or more
chemically different polymers in solution state. Upon evapora-
tion of the solvents, a homogeneous blend will be obtained. In
particular, interesting observations on the blends of chitosan
(Ch) with different polymers such as polyvinyl pyrrolidone
(PVP),”"" polyvinyl alcohol (PVA)," collagen,'? alginate,"
hydroxypropylmethyl ~ cellulose,”* and polyethylene oxide
(PEO)'® have been reported in solution state. Miscibility among
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Scheme 1. Chemical structure of Ch/PEGF blend and possible interactions between their functional groups.

the components showed a marked influence on some character-
istic properties of the polymer blends such as mechanical, mor-
phological, physicochemical ones.

The compatibility or miscibility of the parent polymers at the mo-
lecular level is of utmost importance for the blends. Many experi-
mental and theoretical methods have been developed to investigate
the polymer-polymer miscibility and the interaction between the
polymers. Early works on using dilute solution viscometry to eval-
uate the interactions occurred in polymer systems was reviewed by
Olabisi et al.'® Chee,!” Sun et al,'® and Jiang and Han'® have
described dilute-solution viscometry (DSV) as a simple, reliable,
and low-cost alternative which provides very useful information
about the bulk structure of a polyblend. Rajulu and Sab® and
Sajal et al.*' have suggested the use of ultrasonic velocity and vis-
cosity measurements for investigating polymer miscibility. Also
other researchers have shown that the variations in viscosity and
refractive index of blend solutions are linear for miscible blends
and nonlinear for immiscible blends.”>*> The mixing of solutions
of interacting polymers produces an immediate precipitation or
turbidity or homogeneity, indicating strong, weak, and no or very
small interaction between the polymers, respectively.”?

Ch and its derivatives have been increasingly applied to bio-
medical, pharmaceutical, food, industrial, and agricultural sec-
tors to tap its potential properties including biocompatibility,
biodegradability, film forming, renewability, ability to time
release of fertilizers and nutrients into the soil.**™° Ch is gener-
ally blended with other hydrophilic polymers to overcome some
disadvantages such as loss in mechanical strength or adjust
hydrophilic character of the finally blended solid compound.®*’

Polyethylene glycol fumarate (PEGF) is a biocompatible and
biodegradable unsaturated polyester based on polyethylene gly-
col and fumaric acid which have been previously synthesized
and reported for different applications, for example, nerve
regeneration, bone substitutes, cements, cartilage wound healing
and drug delivery.?*™!
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In the present investigation, the aqueous solutions of Ch and
PEGF blends are studied extensively over a wide range of solution
temperatures and compositions. When Ch and PEGF polymer
molecules collided, the amine, residual amide, and hydroxyl
groups of Ch can interact with hydroxyl ending groups of PEGF
via weak secondary interactions like hydrogen bonds as shown in
Scheme 1. Such intermolecular interactions regulate the miscibil-
ity among the component polymer molecules. The main message
and rational behind of this work is to assay miscibility properties
of the blends in order to evaluate some important characteristics
of them for biomedical applications such as wound healing. To
the best of our knowledge there is no work reported in the
literature dealing with Ch and PEGF blends miscibility.

EXPERIMENTAL

Materials

Low viscosity chitosan (Ch, 20-200 mPa s, DDA = 80%, Fluka,
Germany) was purified by dissolving in 0.2N HCI solution and
consequent centrifugation at 9000 rpm for 20 min to separate
nondissolved impurities. The solution was then neutralized
using 1N NaOH to precipitate the polymer. The precipitate was
separated by vacuum filtration (Wattman, 11.0 cm, UK) and
washed extensively with dionized water and subsequently vac-
uum dried at 40°C for 2 days. Polyethylene glycol (PEG, 3000 g
mol~' nominal molecular weight, Sigma) was dried by azeo-
tropic distillation using toluene. Fumaryl chloride (FuCl,
99.99%, Aldrich) was used after distillation at 161°C under am-
bient pressure. Propylene oxide (PO, 99.99%, Merck, Germany)
was used as received. Acetate buffer (pH = 5, I = 0.3) was pre-
pared by mixing equal volumes of acetic acid (0.1M) and so-
dium acetate (0.2M) solution. All other chemicals, HCl, NaOH,
dichloromethane (DCM), toluene, sodium acetate, and acetic
acid (HAc) were purchased from Merck Chemicals Co., (Dussel-
dorf, Germany) and used without further purification.

Methods
PEGF Synthesis. The unsaturated polyester i.e., PEGF was syn-
thesized as described elsewhere.” Briefly, PEGF macromer was
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Table I. Molecular Characteristics and Physical Properties of PEGF in this Study Including T,, T,,, AH,,, % Tonsev Imax [M], M, and M,

Characteristics ~ T.2 AHC
for Q) T2 0 g™ % (%) Tonse® CC)  Trax' €C) ML g™ M, (gmol™) M,/ (g mol?)
PEGF 2591 5543 87.85 4267 200 300 0.0838 10,000 17,200

3Crystallization temperature, "Melting temperature, “Heat of fusion, “Crystallinity was measured by DSC, ®Onset temperature of degradation, Maxi-
mum temperatures of degradation were determined by TGA, ®Intrinsic viscosity in acetate buffer at 30°C was measured by capillary viscometer, PNum-
ber-average (M,) is calculated by GPC, 'Weight-average (M,,) molecular weight is calculated by GPC

synthesized by condensation polymerization of PEG with FuCl
(0.995 : 1) in DCM in the presence of PO as a catalyst and pro-
ton scavenger. Upon completion of the reaction, the product
was washed several times with 0.IN NaOH to extract the
resulted byproducts i.e., chlorinated propanols then PEGF mac-
romer was obtained by rotavaporation. The characterization
results are summarized in Table 1.

Dilute Solution Viscometry. For the Factorial design, the sta-
tistical software named Minitab 16 (Minitab Inc., State College,
PA) was used. It has two factors (temperature and Ch composi-
tion in the blend) which have 3 and 9 levels, respectively. Dilute
solutions (<1% w/v) of polymers were used for viscometric
studies. Stock solutions of Ch, PEGF and the blends in different
compositions i.e., 10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/
30, 80/20, 90/10 of Ch/PEGF were prepared in filtered acetate
buffer solution.® Viscosity measurements at 30, 40, and 50°C
were made using an Ubbleohde suspended level viscometer
(SCHOTT Gerite GmbH, Germany) of appropriate internal
capillary diameter to provide the flow time of approximately
100 s for the buffer solution. The kinetic energy and shear cor-
rections were negligible. The different temperatures were main-
tained in a thermostatic bath with a thermal stability of
+0.01°C. The total weight of the two dissolved polymer compo-
nents in the solution was always maintained at 1 g/dL. Ch and
PEGF and their blends were studied in a concentration range of
0.1 to 1.0 g/dL. Average flow times were determined for at least
five times for each sample. The density of the solutions was
measured via pycnometry (5 mL, Gay-Lussac, Germany). The
accuracy of the density measured by pycnometry was +0.03%.

Refractive Index Measurements. The refractive index of the
same blend solutions were measured using a DR 5000 KRUSS
refractometer (A. KRUSS OPTRONIC GmbH, Germany) with a
thermostated water circulation system at 30, 40, and 50°C. The
accuracy of the refractive index measurement was *=0.02%.

RESULTS AND DISCUSSION

Ch dissolved in acidic media, exists in an extended rigid-rod con-
formation and exhibits characteristic behaviors of polyelectrolyte
solution properties due to an enlarged effective volume resulting
from charge repulsion of quaternary ammonium functional
groups in the backbone of this polycation which stretches out
of the molecule.®® This causes a significant deviation from the
classical Huggin’s equation in turn, therefore in order to suppress
the repulsion of the same charges in dilute solutions and over-
come this difficulty, a mixture composed of acetic acid (0.1M)
and sodium acetate (0.2M) buffer solutions was chosen as the sol-
vent."” In a buffer solution, the polyelectrolyte approaches a ran-
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dom-coil conformation due to the screening effect of the counter
ions on the cationic centers of the polymer backbone.”” In
contrast, PEGF is a flexible and uncharged hydroxyl-terminated
polymer which completely obeys classical Huggins equation.

The principle of using dilute solution viscometry to trace poly-
mers miscibility is based on the fact that the repulsive or attrac-
tive intermolecular interactions between two different polymers
in solution should make different contributions to the viscosity
of the polymer mixture solution.*® It has also been assumed
that polymer-polymer interactions usually dominate over poly-
mer-solvent ones. Attraction between the two component mole-
cules may cause expansion of macromolecular coils, resulting in
an increase in viscosity and a positive deviation from additivity,
or otherwise, repulsion may cause shrinkage of the macromolec-
ular coils giving a negative deviation from viscosity additivity.'*
As a result, the viscosity of a ternary system may be either lower
or higher than the one calculated from viscosities of both pure
blend components assumed on the additivity law.>>>¢

Basically, miscibility parameters obtained by dilute solution
viscometry are derived from classical Huggins equation, which
expresses the specific viscosity 7, of a single-solute solution as
a function of concentration ¢

Nsp = [’ﬂc + bc? 1)

where [#] is intrinsic viscosity, ¢ is a concentration and b is
related to the Huggins coefficient, Ky reflects binary interac-
tions between polymer segments.

b = Kuln)’ 2

The value of Huggins coefficient is a measure of the interpene-
tration of polymer coils, the extent of which depends upon the
segment-segment and segment—solvent interactions. This in
turn affects the intermolecular hydrodynamic interaction and
molecular dimensions. An analogue of eq. (1) proposed by
Huggins can be adapted to a ternary system (polymer 1/poly-
mer 2/solvent). Equation (1) extended by Krigbaum and Wall
can be applied to polymer mixtures in a common solvent. The
total concentration (¢ = ¢; + ¢,) is introduced,®

Nopm = [Mm (€1 + €2) + bm(c1 + c2)° ®)
Subscripts 1, 2, and m represent polymer 1, polymer 2, and
polymer blends, respectively. b,, is related to the Huggins pa-
rameter by

bm = Km [’/I]rzn (4)
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Figure 1. Huggin’s plots for 1% (w/v) Ch/PEGF blend in buffer at 30°C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

The plot of reduced specific viscosity of polyblend #s,m/(c; +
;) versus total polymeric concentration yields a straight line,
and the intercept and gradient corresponds to [#],, and b,,
respectively. Theoretically, [#],./(c; + ¢) is the total effective
specific hydrodynamic volume, which is the addition of the
effective specific hydrodynamic volume of constituent polymers,
and b,,(¢; + ¢)? reflects to total molecular interaction.>*¢

The Huggin’s plots for the pure components, Ch and PEGE
and their blends at the different temperatures are shown in
Figures 1-3.

Figures 1-3 indicate considerably higher slopes for 80/20 and
60/40 Ch/PEGF blend compositions than PEGF-rich composi-
tions. This may be attributed to the mutual attraction between

Nsp C(dL'g)

T " T

. . . .
0.0 0.2 0.4 0.6 0.8 1.0
C(gidL)

Figure 2. Huggin’s plots for 1% (w/v) Ch/PEGF blend in buffer at 40°C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]|
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Figure 3. Huggin’s plots for 1% (w/v) Ch/PEGF blend in buffer at 50°C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

macromolecules in solution, which leads to an increase of
hydrodynamic volume. Hence, Ch/PEGF blends are found to be
miscible only when Ch content is more than 80% (w/w) in the
blend compositions. Below this critical concentration, little or
no slope was observed in the Huggin’s plot, due to phase sepa-
ration. Some criteria for miscibility of polymer blends are pro-
posed according to the solution deviation from ideal behavior.
Chee suggested that non-ideal behavior of polymer blends can
be reflected by the difference observed between the experimental
by, and the ideal bilz values.'” Namely, AB:

AB = b1z — b, = b1z — (b11 + b32)/2 %)

where by, by, and by, are slopes of reduced viscosity versus
concentration curves for polymer (1) i.e. pure Ch and polymer
(2); PEGE, and their blends, respectively. AB > 0 signifies misci-
bility, whereas AB < 0 indicates phase separation. Chee also
proposed a more effective criterion i.e., ¢ using the same data
to predict polymer-polymer miscibility which was expressed as:

AB
"= [([n]z - ['1]1)2] ©

where [#], and [5], are intrinsic viscosities for the pure compo-
nents solutions.'” Accordingly, u > 0 shows miscibility whereas
i < 0 indicates phase separation.'”** The values of u calculated
with the preceding expression at 30, 40, and 50°C, are presented
in Table IT and shown in Figure 4(a).

The computed values of u were found to be negative when Ch
content was lower than 80% (w/w) and positive beyond.

Sun et al. suggested another criterion for polymer blends misci-
bility, based on the classical Huggins equation and Huggins
coefficient K, in the blends in terms of a thermodynamic
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Table II. The Values of Interaction Parameters and C* of Ch/PEGF Blends at 30, 40, and 50°C

Interaction parameters

Composition 30°C 40°C 50°C C* (gdL™)

of Ch/PEGF o u o 0 o 30°C 40°C 50°C
100/0 = = = = = = 0.2627 0.3083 0.3759
90/10 0.2081 0.2278 0.0155 0.1014 0.0175 0.2742 0.3257 0.3448 0.4222
80/20 0.1624 0.1131 0.2902 0.0238 0.0333 0.2576 0.3438 0.4310 0.4774
70/30 -0.4129 -0.2565 0.0001 -0.2135 -0.1357 -0.0248 0.3665 0.4367 0.4870
60/40 -0.1435 -0.1043 -0.0272 -0.2232 -0.1715 -0.0509 0.4103 0.5000 0.5584
50/50 -0.2824 -0.1506 -0.1593 -0.2619 -0.2906 -0.0764 0.4732 0.5556 0.6249
40/60 -0.3107 -0.271 -0.2332 -0.268 -0.291 -0.194 0.5443 0.6667 0.7519
30/70 -0.3032 -0.6635 -0.4538 -0.3351 -0.4421 -0.1994 0.5515 0.7407 0.9087
20/80 -0.3861 -0.2057 -0.5577 -0.3724 -0.7536 -0.2185 1.0637 0.9615 1.0511
10/90 -0.3935 -0.2212 -0.7279 -0.3929 -0.7086 -0.2708 1.9736 1.6667 1.9850
0/100 = = = = = = 11.4942 149925 28.1690

parameter.'® According to their approach for a ternary system,
three types of interaction may contribute to K, value including
long-range hydrodynamic interaction of pairs of single mole-
cules given by K,,; the formation of double molecules given by
K23 and intermolecular attraction or repulsion given by K,,3.>°
Thus, the overall K, turns out to be:

K = Km1 + Kz + K3 @)
In the absence of strong interactions that would encourage
aggregation, and at sufficiently low concentrations, the second
term K, can be neglected. Reabbreviating K3 as o which is
indicative of the nature and strength of the molecular interac-
tions and rearranging the final equation yields:

o= Ky — Km1

_ Ka[n)iw? + Ka[n]w3 + 2K K]y [n],wiws
{[yw1 + w2}

®)

a=Kpn

©)

where K;, K,, and K,,, are the Huggin’s constants for individual
components (1 and 2) and the blend, respectively. K,, is the

50
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Figure 4. Contour Plots of u (a) and a (b) versus temperature; Ch content.
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experimentally obtained Huggins constant. The terms w;, w,
indicate the weight fraction of the polymer 1 and polymer 2.'®

Sun et al. proposed that a blend will be miscible when « > 0
and immiscible when o < 0. In this research, the long-range
interaction, «, are taken into account for confirmation the
results.'"® The values of o calculated with the preceding
expression at 30, 40, and 50°C, are shown in Figure 4(b). o is
found to be negative when the Ch content is below 80% (w/w)
and then positive beyond 70% (w/w) at 30, 40, and 50°C. For
the sake of simplicity and to make comparisons on the miscibil-
ity behavior of different blends of the polymers, Figure 2(a,b)
depict together the miscibility parameter values presented in
Table II as a function of the weight fraction of Ch in the blends
at tree temperatures studied.

The positive values of p and o, originating from experimental
viscosity data for these polyblends, indicate attractive intermo-
lecular interactions between Ch and PEGF in solution. Table II
and Figure 4(a,b) shows the miscibility window for Ch/PEGF
blends in the buffer solution. Also the content of critical con-
centration (C* =~ 1/[5])*® of each blends are summarized in

30

g
£ .
E 40 ] <04
é" W04 --03
< W03 - 02
i_' 02 - 01
B -o1- 00
W 00- 0l
W o1 - 02
30 2] > 02

10 20 30 40 50 60 70 80 20
% of Ch in the Blend

[Color figure can be viewed in the online issue, which is available at
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behaviors are found from Table IV. The results confirm the
results of interaction parameters of o and p.

Blend composed of Ch/PEGF in 90/10 (w/w) showed the high-
est deviation which may be attributed to the more strong inter-
actions between Ch and polyethylene glycol fumarate segments
than the rest compositions.

CONCLUSIONS

Miscibility of Ch and polyethylene glycol fumarate blends was
studied in this work. Based on the viscosity, density, and refrac-
tive index measurements, it is concluded that polymer blends of
Ch/PEGF is miscible when the Ch content is more than 80%
(w/w) in the blend at all the temperatures studied. Below this
critical Ch concentration, the blends were found to be immisci-
ble. It may be due to some specific interactions e.g., repulsive
interactions between the carbonyl groups of Ch and hydroxyl
groups in PEGF backbone, which may lead to miscibility of the
blend. Further, the miscibility of these blends is independent
with respect to the changes in temperature. These findings
might be useful to prepare homogenous solution blend of Ch
and PEGF for biomedical application as wound healing.
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