
1. Introduction
Blending of polymers is an interesting route for
producing new materials, basically due to econom-
ics aspects [1]. The miscibility between the poly-
mers is a very important factor in the development
of polymer blends [1, 2]. Considering the low
entropy associated to the polymers mixture, ΔSm,
the miscibility between the components of a poly-
mer blend is mainly driven by the enthalpy of mix-
ing, ΔHm. Thus, effects that decrease ΔHm will
favor to the miscibility due to the decrease of the
Gibbs energy of mixture, ΔGm. In the light of this,
attractive interactions among side groups or poly-
mer segments are, in most of the cases, responsible
for polymer-polymer miscibility.

Different techniques have been used for evaluat-
ing the miscibility, for example, thermal analysis
through determination of the glass transition tem-
perature (Tg) [3–5], microscopy (Optical Microscopy
– OM, Scanning Electronic Microscopy – SEM,
Atomic Force Microscopy – AFM, Transmission
Electronic Microscopy – TEM, and so on) [5–8]
and spectroscopy (Fourier Transform Infrared –
FTIR-Image, Raman-Image, Nuclear Magnetic
Resonance – NMR, and so on) [9–12].
The presence of an amorphous (or slightly crys-
talline) component affects the crystallization process
of the other polymer component significantly.
When a given system is miscible, the equilibrium
melting temperature (Tm

0) is expected to be lower
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than that for the pure crystallizable component. Tm
0

is the melting temperature for a perfect crystal
when it presents same chemical potential of the sur-
rounding liquid phase. The mixing of an amor-
phous (or slightly crystalline) polymer with a
highly crystallizable one forming a polymer blend
allows the new chemical potential of the liquid
phase to be lower than that of the crystalline phase
and, therefore, the equality of the chemical poten-
tials of the liquid and the crystalline phases will be
settled at lower temperature [13]. In this way, when
the polymer blend consists of a crystallizable poly-
mer and an amorphous polymer, the depression in
equilibrium melting temperature (Tm

0) may be used
for evaluating the polymer-polymer interaction
parameter (χ12) and thus the system miscibility
[14].
Starch is a polysaccharide constituted by portions
of amylose (linear) and amylopectin (branched)
usually in a ratio of 20%:80%, respectively [15,
16]. Often, it comes from vegetables such as cas-
sava, corn, wheat, among others. Taking into
account its interesting properties such as biodegrad-
ability [17, 18], biocompatibility [19], availability
and low costs [18], starch has been extensively
studied as drug delivery system [20–22], cell cul-
ture scaffolds in tissue engineering [23, 24], paper-
makers [25], adhesives [26], polymer blends and
composites [27–29], and others. In general, chemi-
cal modifications (grafting) and physical mixture
(blending) [30] are some strategies employed in
order to overcome limitations such as immiscibility
with unlike polymers, unsatisfactory mechanical
properties and degradation at low temperature [31].
Poly(ethylene oxide) (PEO), a semi-crystalline
synthetic polymer, has the general molecular struc-
ture (CH2CH2O)n. Due to its biocompatibility and
low toxicity, the FDA has approved its use in many
biomedical devices [32], including drug delivery
systems [33, 34], tissue replacement and scaffolds
[35–37], and surface coatings for the inhibition of
protein and/or cell adsorption [38–41].
PEO/starch blends present great potential applica-
tions mainly in the biomedical field, like scaffolds
for cell culture and tissue engineering [42–44]. This
work is devoted to investigate the miscibility and
crystallization rates of starches (cationic and
hydrophobic) with PEO in different weight ratios
and crystallization temperatures. Differential scan-
ning calorimetry (DSC) was applied to evaluate the

Tm
0 values and thermal behavior of system, by con-

sidering the miscibility as response. The spherulites
growth rates were analyzed by the use of an optical
polarized microscopy. The determination of misci-
bility was based on the evaluation of equilibrium
melting point depression through the Nishi-Wang
equation [14].

2. Experimental
2.1. Materials
PEO (Aldrich 18,199-4, Mv: 200 kg/mol). Hydro-
phobic starch, 9.4 mol% ethyl groups substituted
on hydroxyl. Cationic starch, 5.8 mol% with qua-
ternary ammonium salts substituted on hydroxyl.
The modified starches are commercial samples
gently donated by Lorenz Company (Cianorte,
Brazil). The unmodified starch was donated by
Impal S.A. (São Tomé, Brazil). All reagents were
used without further purification. 1H NMR was
used for the determination of the degree of substitu-
tion on both modified starches. The value of molar
mass of cationic starch is 12·103 kg·mol–1,
hydrophobic starch is 3.7·103 kg·mol–1, and the
unmodified starch is 5.4·103 kg·mol–1, determined
by Gel permeation chromatography/Size exclusion
chromatrography (GPC/SEC) as described in the
next section.

2.2. Sample preparation

Films of PEO and PEO/starch blends at w/w ratios
of 95/05; 90/10; 80/20; 70/30; 65/35; and 60/40
were obtained as follows: for each blend ratio the
desired amount of starch was solubilized in dis-
tilled water at 80°C, after the cooling of the starch
solution the needed quantity of PEO was added to
form a final aqueous solution of 5% w/v. Then,
films of the different blends were obtained by cast-
ing at room temperature. The films were dried for
3 days (ambient conditions, ~25°C, 1 atm) fol-
lowed by 24 h under vacuum at room temperature
(ca. 25°C). The thicknesses of films were around
120 μm.

2.3. Crystallization of pure PEO and
PEO/starch blends

The samples were crystallized in the absence of
light and under reduced pressure in an aluminum
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oven specially constructed for this purpose. The
temperature of the system was controlled by a
thermo-bath with ±0.1°C of precision. The samples
(PEO and blends) were heated up to the molten
state (~70°C) and kept at this temperature for 5 min
to erase the thermal history. Then, the samples were
quickly cooled to a desired crystallization tempera-
ture, TC, and left at that temperature for 1 h. Each
sample was crystallized with TC ranging from 42 to
60°C. The TC was increased in steps of 3°C.

2.4. DSC analysis

The DSC analysis was carried out in a calorimeter
(Shimadzu, Model DSC 50, Japan) at a heating
rate of 10°C·min–1 under a nitrogen stream of
10 ml·min–1. For the pure PEO and a fixed blend
ratio, the DSC curve was run after the sample has
been treated at a desired TC for 1 h. The value of
melting point temperature, Tm, was estimated from
melting peak, by applying the first derivative
method. For the pure PEO and for each PEO/starch
blend, the equilibrium melting temperature (Tm

0)
was evaluated by using the Hoffman-Weeks plots
[45], and the miscibility of the system was accessed
based on the interaction parameter value (χ12),
which was evaluated by applying the Nishi-Wang
equation [14].

2.5. Spherulites growth rate

The spherulites growth rates of pure PEO and
PEO/starch blends were measured by the use of a
polarized optical microscope equipped with a digi-
tal camera connected to a computer. Then, real-
time images of crystallizing-events were recorded.
The temperature of the sample (TC) was controlled
by a hot-stage (Micro-Química, model MQSDCT-
3, Brazil) coupled to the microscope. For a given
crystal growing at fixed TC, the spherulite sizes
were calculated, as a function of crystallization
time, directly from the stored images, using a
screen monitor. PEO spherulites growth rates were
obtained from the linear dependence of spherulite
size as a function of time at a fixed TC. Triplicates
were made for each blend at each TC.

2.6. Evaluation of the molar mass of starch by
GPC/SEC

Aqueous solutions of starch (0.5 w/v%) were pre-
pared under 24 h of stirring of at 80°C. After, the
solutions were diluted with distilled water until a
final concentration of 0.25 (w/v%) and then filtered
using cotton.
The molar masses of the starches were determined
by gel permeation chromatography (GPC, some
times also referred to as size exclusion chromatog-
raphy, SEC) technique using equipment from Var-
ian Inc. Scientific Instruments (USA) at room tem-
perature and a Linear Ultrahydrogel (7.8 mm×
300 mm) chromatographic column and a flow rate
of 0.5 ml·min–1. Differential refractometer was
used as detector. Pullulan with molar masses rang-
ing from 1 to 100 kg·mol–1 were used as references
while NaNO3 (0.1 mol·l–1) was used as eluent for
building the calibration curve. Straight line depend-
ence of molar mass (M) as a function of elution vol-
ume was obtained, fitted by the Equation (1):

(1)

where M is the averaged Mn of the standard Pullu-
lan, and Ve is the eluted volume.

2.7. Characterization of the cationic and the
hydrophobic starches by FTIR, 1HNMR,
13CNMR and wide angle X-ray scattering
(WAXS)

The characterization of the commercial samples of
starches was performed by the use of FTIR, NMR
spectroscopies and WAXS.
Fourier-transform infrared (FTIR) spectrum of
each type of starch was obtained from a FTIR spec-
trophotometer (Bomem, model MB-100, Canada).
The powder polymer was compressed with KBr
powder into a tablet sample before the analysis.
The spectra were obtained in the wave number
range of 400–4000 cm–1 with resolution of 2 cm–1

by collecting 64 scans.
1H and 13C NMR spectra were obtained through a
300 MHz Varian model Mercury Plus BB spec-
trometer (USA) using DMSO-d6 as solvent
(10% wt.v).

55.129273.0)log( +−= eVM
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Wide-angle X-ray (WAXS) diffraction patterns
were obtained using a SHIMADZU XRD-6000 dif-
fractometer (Japan) (40 kV, 30 mA, CuKα) in the
diffraction angle (2θ) ranging from 3 to 60° at a
rate of 3°·min–1.

3. Results and discussion 

Miscibility results of PEO/unmodified starch sys-
tem using the depression of Tm

0 through the Nishi-
Wang equation were recently published by our
group [46]. So, comparative discussion of the
results of this work with those with PEO/unmodi-
fied starch will be done in the following sections.

3.1. Characterization of the cationic and the
hydrophobic starches

In order to verify the effects of side groups on
cationic and the hydrophobic starches introduced
through industrial process (due to being commer-
cial samples) on different properties investigated in
this work, FTIR, 1H and 13C NMR spectra and
WAXS profiles of such modified starches were
obtained and compared to the respective unmodi-
fied starch, for the sake of comparison.
The chemical modification of starch generally
occurs by the grafting of functional groups, mainly
by the substitution of the hydrogen atom of the
hydroxyl groups [47]. For the preparation of

cationic starch, a common way is by the introduc-
tion of ammonium salts in the backbone of starch
[48]. In the case of hydrophobic starch, the groups
to be grafted to the starch chain are normally hydro-
carbon chains [49].
Figure 1 shows the FTIR spectra obtained for
cationic, hydrophobic and unmodified starches.
The spectra presented almost the same profile. The
characteristic vibrational modes that appear at
1451, 1121 and 1017 cm–1 were attributed to C–O
stretching of the unhydroglucose units. A broad
band at 3414 cm–1 was attributed to O–H vibration.
The band at 2926 cm–1 is typical of C–H vibration.
The more significant difference among them is
related to the hydrophobic starch, in which the
C–O–C and C–O–H vibrational mode (in the range
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Figure 1. FTIR spectra for unmodified, cationic and
hydrophobic starches

Figure 2. Nuclear Resonance magnetic of unmodified starch, cationic starch and hydrophobic starch a) 1H NMR and b)
13C NMR



of 1300–950 cm–1) presented a higher intensity
compared to the other starches.
1H and 13C NMR spectra obtained from starches
(unmodified, cationic and hydrophobic) are pre-
sented in Figure 2a and 2b, respectively. From
those spectra it is possible to point out that the
starches are chemically different. The presence of
the peak at δ = 3.13 on the 1H NMR cationic starch
spectrum was observed. Such signal was assigned
to hydrogen atoms bonded to nitrogen atom, con-
firming the presence of ammonium salt on the
polymer chains of cationic starch. It was also con-
firmed by the presence of the 13C peak at ca. δ = 52
which was attributed to carbon atom bonded to
nitrogen.
In the case of hydrophobic starch, the signals on
1H NMR spectrum at δ = 1.01 (–CH2–), δ = 1.25
and δ = 0.87 (–CH3) indicate the presence of
hydrocarbon side groups in the starch polymer
chains that was also confirmed by the 13C peaks at
ca. δ = 12.5 and δ = 20 attributed to –CH2– and
–CH3 groups. Nevertheless, the hydrocarbon chains
should not be longer, due the fact that the integra-
tion of those peaks is very small in relation to the
other peaks.
Although the NMR analysis showed the chemical
groups grafted in the both cationic and hydrophobic
starch chains, such fact is not clear in the FTIR
spectra, suggesting that the degree of modification
should be low, as confirmed by the calculus of
modification from the 1H NMR spectra.
Figure 3 presents the WAXS patterns for modified
and unmodified starches. It is appropriate to notice
that those starches do not present any well resolved
peak; otherwise the curves are in halo form, sug-
gesting that the starches comprise structure with a
very low degree of crystallinity, and for that reason
in this work they were considered as amorphous.

3.2. Thermal analysis from DSC data
Thermograms were obtained for pure PEO and for
several PEO/starch blends after being crystallized
at given crystallization temperatures (TC, ranging
from 42 to 60°C). The non-equilibrium melting
temperature value (Tm) was determined through the
inflection point of the first derivative of the melting
peak, as previously discussed [46]. 
According to Hoffman and Weeks approach [14,
45, 50], the melting temperature of an ensemble of
crystals that: i) is large enough to neglect surface
effects; ii) is in equilibrium with the liquid phase;
and iii) presents perfection degree of crystallinity
consistent with the minimum free energy, is
defined as equilibrium melting temperature, Tm

0.
Due to the high molar mass of polymers, their crys-
tals are, in general, small and also display elevated
density of defects. In this sense, the crystallization
temperature (TC) has a great influence on Tm, which
one commonly is lower than Tm

0.
After all the DSC runs for pure PEO and for a given
the PEO/Starch blends were accomplished, the
respective Tm

0 values were evaluated through the
Hoffman-Weeks method [45] as showed in Fig-
ure 4, by applying the Equation (2):

(2)

where Tm is the non-equilibrium melting tempera-
ture, η is the lamellar thickness factor, which is the
ratio of the lamellar thickness to the critical nucleus
thickness in the crystallization process [45]. This
equation means that the crystallization temperature
(TC) affects the melting point (Tm) of a polymer,
mainly attributed to the dependence of polymer
chains mobility on the temperature [50].
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Figure 3. WAXS patterns for different starches (unmodi-
fied, cationic and hydrophobic)

Figure 4. The equilibrium melting temperature (Tm
0) deter-

mination



As described in the introductory section, the
depression in Tm

0 has been widely used to evaluate
the miscibility of a polymer pair consisting of an
amorphous and a crystalline component. Nishi and
Wang [14] depicted the decrease of the Tm

0 in a
crystalline polymer due to the presence of an amor-
phous miscible component and such depression can
be predicted in through the Equation (3):

(3)

where Vi
u is the molar volume of the repeating unit

of the polymer; ΔHPEO
u is the melting enthalpy of

fully crystalline PEO; φ is the volume fraction; χ12

is the polymer-polymer interaction parameter; and
mi is the average-number of repeating unit of i com-
ponent. The first and second terms (inside brackets)
on the right side of equation refer to the entropy of
mixing contribution for the decreasing of the equi-
librium melting temperature, while the third term
refers to the enthalpy share. Regarding macromole-
cules with high molar mass, the effect of the
entropy is not remarkable and the depression in the
melting temperature will be mainly of enthalpic
nature, then the Equation (3) reduces into Equa-
tion (4):

(4)

Based on Flory-Huggins theory, it can be shown
that negatives values for the χ12 are correlated to
existence of interactions between the polymers,
thus resulting in the miscibility of the system.
So, after determination of the Tm

0 values for the
blends, the evaluation of polymer-polymer interac-
tion parameter and, consequently, the miscibility of
the system were performed through the Nishi-
Wang equation (Equation (4).
Figures 5 and 6 show the dependence of

to for PEO/cationic
starch and PEO/hydrophobic starch blends, respec-
tively. The slope of the curve is related to the value
of χ12. Also, negative slope means that χ12 is nega-

tive-valued, then the system should be miscible. On
the other hand, positive slope leads to positive val-
ues for χ12 suggesting immiscibility [51].
For PEO/cationic starch, the interaction parameter
χ12 was determined as being 0.68. The following
values were used for such evaluation:

R = 8.314 J·K–1·mol–1,
ΔHPEO = 7.6 J·K–1·mol–1,
ΔHu

PEO = 40.3·10–6 m3·mol–1 and
Vu

starch = 104.7·10–6 m3·mol–1

obtained from the density 1.5·103 Kg·m–3 [52]. The
blend ratio at 95/05 was not used for such to evalu-
ating, due to the fact that there was an increase in
Tm, when compared to the pure PEO. The positive
value for χ12 indicated a complete immiscibility of
the polymers.
In spite of the existence of errors associated to the
measurement from Figure 6 in the same extension
from Figure 5, the interaction parameter for PEO/
hydrophobic starch was negative χ12 = –0.63, indi-
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Figure 5. Dependence of with 
for PEO/cationic starch blends
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Figure 6. Dependence of with 
for PEO/hydrophobic starch blends
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cating that the system is miscible in the whole
range of studied compositions. 
According to the Nishi-Wang equation, χ12 should
be independent of composition or of morphology
upon determination of Tm

0 [14, 53]. This implies
that the equation concerned could not completely
fit the experimental data and the occurrence the
intercept far from the origin has been reported [54].
Although the starches present only a low degree of
modification, it seems that it is enough to induce
difference on miscibility behavior with starch/PEO
blends. Besides, an important factor that might

have contributed to those behaviors is the different
molar masses (not deeply studied in this work).
It is known the effect of the solvent on the miscibil-
ity of a polymer pair. For instance, PMMA/PVAc
is miscible in chloroform at 30°C whereas in DMF,
at the same temperature, the blend is immiscible
[55].
Regarding PEO/starch blends, they were prepared
by casting from aqueous solution. In the case of
samples containing cationic starch the interaction
water/starch should be favorable in relation to
PEO/starch considering the high dielectric constant
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Figure 7. Possible interactions in unmodified starch/PEO

Figure 8. Possible interactions in cationic starch/PEO



of water (ca. 78 at 20°C) [56]. After the drying
process, the mobility of the starch chains is not
enough to allow conformational changes in order to
interact with PEO leading to miscible system. Also,
the cationic groups grafted onto starch present
intra-molecular interactions destroying the H-bonds
between PEO and starch that it would probably
occur if the starch was not modified.
Concerning blends with hydrophobic starch, the
miscibility is understood as the synergy of two
kinds of interactions, the hydrophilic H-bond inter-
actions between hydroxyl groups of starch and oxy-
gen atom of the ether group of PEO, and the
hydrophobic interactions between the hydrophobic
segments in the starch chain and the ethyl group
present in the repeated units of PEO. The possible
interactions between PEO and starches (unmodi-
fied, cationic and hydrophobic) are suggested in
Figures 7–9.

3.3. Spherulites growth rates

The crystallization rates are dependent on the
energy involved in the transport of the polymer
chains towards to the growing crystals and also to
the energy barrier for creation of secondary nuclei
with a critical size [57]. These terms depend on the
molecular characteristics of each component. For
that reason, the crystallization rates become depend-
ent on system-characterizing parameters, such as

TC, Tg, Tm, and molar mass. The addition of a misci-
ble amorphous component often causes the depres-
sion in the growth rate, owing the reduction of the
melting temperature at equilibrium.
Figure 10 shows, in generic form, the time-depend-
ent spherulite size at a defined TC. The slope of the
straight line is the spherulites growth rate for the
respective blend ratio at a given TC. It is important
to notice that the isothermal spherulites growth pre-
sented linear dependence on time for all blend
ratios.
When the radial growth rate for a given spherulite
is plotted against the crystallization temperature
(TC), a maximum is observed. The temperature
dependence spherulite growth rate is understood in
terms of two competing process, the rate of molec-
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Figure 9. Possible interactions in hydrophobic starch/PEO

Figure 10. Dependence of isothermal radial growth rate of
PEO as function of time (linear behavior)



ular transport in the melt (diffusion) which increases
with temperature increasing, and the nucleation
rate, which decreases with increasing temperature
[57]. Diffusion is the prevailing factor at low tem-
peratures, whereas at higher temperatures the
nucleation rate is a dominant factor. When the TC is
close to Tg, the macromolecular mobility is drasti-
cally reduced and, therefore, the crystallization
become slower. If TC is close to Tm, it follows that
the macromolecular mobility is high enough to
avoid the crystallization and the nucleation rate
would be extremely low [57].
Figure 11 refers to the dependence of the spherulites
growth rate to the weight fraction of cationic starch
at a given TC. The spherulites growth rates in
PEO/cationic starch remain almost invariable in the
range from 80/20 to 60/40. However, for the ratios
of 95/05 and 90/10, a considerable increase was
observed in the spherulites growth rate, with
respect to pure PEO. For instance, the spherulite
growth rate for 95/05 ratio rate was twice higher
than that observed for the pure PEO. Besides, only
the 95/05 blend crystallizes at 59°C. The spherulite
growth rate in the PEO/cationic starch blends is
higher than that of pure PEO (with the exception of
65/35 and 60/40 ratios). This fact is another indicat-
ing that the blend ratios from 95/05 to 70/30 are
immiscible, in agreement with the thermal analysis
data. In this case, it may be inferred that cationic
starch forms very small nucleus that would act as
nucleation agents for the crystallization enhancing
the spherulite growth rate.
Figure 12 refers to the dependence of the spherulites
growth rate to the weight fraction of hydrophobic
starch at a given TC. In this case, the maximum

temperature in which the crystallization occurs was
56°C, independent on blend ratio. It may be
observed that the crystallization rates do not change
significantly for all the blend ratios at 53 and 56°C.
Also, it was verified, for this system, a reduction in
the crystallizations rates at TC = 50°C with increas-
ing amount of hydrophobic starch. At this tempera-
ture (TC = 50°C), the spherulites growth rates of
blends become practically equal to or lower than
that of pure PEO. In the sense of the discussion
above, the results would indicate polymer-polymer
miscibility for PEO/hydrophobic starch. This
would match with the results of miscibility from
melting temperature depression analysis.
It should be emphasized that this kind of blends has
great potential of application on the biomedical
field, such as scaffolds for cell culture. The analy-
ses of citotoxicity of those systems are in progress
in our lab.

4. Conclusions

The miscibility and the spherulites growth rate in
blends constituted by PEO and either cationic or
hydrophobic starches were evaluated by using ther-
mal analysis and optical microscopy. The PEO/
cationic system was considered to be immiscible,
based on the positive value for the interaction
parameter, χ12. This fact, in molecular level, was
explained in terms of the solvent effect on the mis-
cibility during the casting process. Also, the cationic
groups grafted onto starch may present intra-
molecular interactions that would destroy the H-
bonds, between PEO and starch, that probably
occur in PEO/unmodified starch.
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Figure 12. Spherulites growth rates as functions of weight
fraction of starch for different ratios of
PEO/hydrophobic starch blends at a given TC

Figure 11. Spherulites growth rates as functions of weight
fraction of starch for different ratios of
PEO/cationic starch blends at a given TC



The hydrophobic starch was evaluated as miscible
with the hydrophilic PEO, taking into account the
negative value for interaction parameter, χ12 =
–0.63. It was pointed out that the small degree of
substitution, the short hydrocarbon chain and the
hydrophilic and hydrophobic interactions with PEO
were responsible to the miscible behavior.
The understanding of the miscibility behavior of
such systems (PEO/cationic starch and PEO/
hydrophobic starch) maybe an interesting tool to
evaluate the potential applications of those materi-
als, mainly in the biomedical field such as scaffolds
for cell culture.
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