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ABSTRACT: Combinations of differential scanning calorimetry, Fourier transform infrared spectroscopy,
optical microscopy, and small-angle X-ray scattering were used to investigate the influence of hydrogen
bonding strength on the crystallization kinetics and morphologies in poly(ε-caprolactone) (PCL) blends
with three different well-known hydrogen bond donating polymers, i.e., phenolic, poly(vinylphenol) (PVPh),
and phenoxy. The strength of the intercomponent interactions in the blend system depends on the hydrogen
bond donor group and occurs, based on the Painter-Coleman association model, in the order phenolic/
PCL > PVPh/PCL > phenoxy/PCL. Significantly reduced overall crystallization kinetics and crystal growth
rate in PCL crystalline phase were also in the order phenolic/PCL > PVPh/PCL > phenoxy/PCL, which
is consistent with the relative strengths of their intermolecular hydrogen bonding. Our experimental
findings show that the hydrogen bonding strength has a greater effect on the rate of crystallization than
does the influence of the blend’s glass transition temperature, which is related to its chain mobility. In
addition, values of the surface free energy of chain folding and crystalline thickness in PCL blends depend
strongly on the relative ratio of the interassociation equilibrium constant and the self-association
equilibrium constant (KA/KB). In phenolic/PCL and PVPh/PCL blends, the values of the surface free
energies of chain folding in the PCL crystalline phase are increased with an increase in the content of
the hydrogen bond donating polymer since the KA is greater than the KB in these two blend systems. In
contrast, in the phenoxy/PCL blend system, the smaller KA relative to the KB induces a smaller value for
the surface free energy of chain folding than that of pure PCL. Various miscible crystalline/amorphous
binary polymer blends exhibiting either strong hydrogen bonding or weak interactions are also reviewed.

Introduction

Crystalline polymers are ubiquitous ranging from the
commodity polyethylene to high-performance engineer-
ing resins, such as nylons and poly(ether ether ketone).
The crystallization behavior of polyethylene has been
discussed widely by many authors.1-5 Within the poly-
ethylene’s main chains, however, there exists no specific
interactions. Therefore, it is of quite some interest to
study crystallization in polymer blends with regard to
intermolecular interaction, such as hydrogen bonding
and dipole-dipole interactions. Relative to neat crystal-
line materials, the crystalline microstructures and
crystallization kinetics of polymer blends containing
crystalline polymers are less well understood because
of their inherent complexities. As a result, it is necessary
to establish a general principle for predicting the nature
of polymer crystallization in polymer blends.

On the basis of the crystallizability of the constitu-
ents, binary crystalline polymer blends can be catego-
rized into crystalline/amorphous and crystalline/crys-
talline systems. Crystalline/amorphous binary polymer
blends are more widely studied because of their simpler
crystalline phase relative to crystalline/crystalline
ones.6-19 Various morphologies have been created de-
pending upon the distance of segregation in crystalliza-
tion of a melt-miscible crystalline/amorphous blend.
These segregation types include interlamellar, inter-
fibriallar, and interspherulitic segregations.6,7 These
morphology patterns represent the diluent dispersion
from the nanoscopic scale, for interlamellar segregation,
to the micrometer scale, for interspherulitic segregation.

Keith and Padden20 have suggested that the distance
over which an amorphous impurity may be segregated
is determined by the interplay between the diffusion
coefficient (D) of impurity molecules and the crystal
growth rate (G). If the diffusion of diluent is relatively
slow compared to the crystal growth rate, the diluent
may become trapped inside the interlamellar segrega-
tion. On the contrary, if diluent diffusion is faster,
interfibriallar or interspherulitic segregations are gen-
erated. This result is related to a parameter δ, which is
defined as the ratio of the diffusion coefficient of the
impurity in the melt to the spherulitic growth rate (δ
) D/G). The parameter δ has the unit of length and
provides a qualitative measure of the segregation
distance, which depends on the composition, tempera-
ture, molecular weight, and polymer-polymer inter-
actions within the polymer blend.

In addition, the crystallization kinetics, the surface
free energy of chain folding, and the thickness of
crystalline phase in miscible polymer blends through
hydrogen bonding have received relatively less atten-
tion.21,22 In general, the crystallization kinetics and
microstructures of a crystalline blend depend on the
effects of the glass transition temperature and inter-
molecular interactions of the diluent amorphous phase.
In a previous study, Runt et al.21 found that blends of
poly(ethylene oxide) (PEO) with amorphous polymeric
diluents exhibited either relatively weak interactions,
including poly(vinyl acetate) (PVAc) and poly(methyl
methacrylate) (PMMA), or strong hydrogen bonding
interactions, including ethylene-co-methacrylic acid55
(EMAA55, 55 wt % of MAA) copolymer and styrene-co-
hydroxystyrene50 (SHS50, 50 wt % of hydroxystyrene)
copolymer. At a given crystallization temperature (Tc),
spherulite growth rates for blends with strongly hydro-
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gen bonding polymers are considerably lower than those
with weakly interacting polymers with comparable glass
transition temperature, e.g., comparison between the
PMMA/PEO and SHS50/PEO or PVAc/PEO and EMAA/
PEO blend systems. Furthermore, a study of the spher-
ulite radius of PEO in blends with the strongly inter-
acting EMAA55 and SHS50 showed that the SHS50/
PEO blend has lower crystallization kinetics than
EMAA50/PEO blend because of the higher glass transi-
tion temperature of SHS50. However, the different
intermolecular hydrogen bonding strengths in the SHS50/
PEO and EMAA50/PEO blends were not considered.
The main purposes of this work was to study the
crystallization kinetics, surface free energies of chain
folding, and crystal thickness with respect to the dif-
ferent hydrogen bonding strengths in crystalline poly-
mer blends.

A commonly employed component in most crystalline
miscible blends is a polyester, such as poly(ε-capro-
lactone) (PCL). PCL is a highly crystalline polymer that
is miscible with several amorphous polymers through
specific interactions that are widely discussed in East-
mond’s review.23 Furthermore, the fraction of carbonyl
groups of PCL that hydrogen bonded with hydroxyl
groups of a hydrogen bond donating polymer can be
calculated by FTIR analysis. This technique allows the
interassociation equilibrium constant (KA) between hy-
droxyl groups of hydrogen bond donating polymers and
carbonyl groups of PCL to be calculated at different
temperatures and compositions by using the Painter-
Coleman association model (PCAM).24 However, this
technique cannot be used directly to determine, by IR
analysis, the interassociation equilibrium constant be-
tween the hydrogen bond donating hydroxyl groups and
the PEO ether units in such binary blends because no
carbonyl group is available to calculate the fraction of
the hydrogen bonded ether group. The ether stretching
mode near 1100-1200 cm-1 is a highly coupled mode
that is conformationally sensitive and cannot be readily
resolved into two peaks with areas corresponding to the
free and the hydrogen-bonded ether absorptions.25

For convenience, we chose to study the different
hydrogen bonging strengths in PCL blends with three
different well-known hydrogen bond donating poly-
mers: phenolic, PVPh, and phenoxy. Cortazar et al.
studied the crystallization kinetics and melting behavior
of the phenoxy/PCL blend and found that the surface
free energy of chain folding of the PCL blend with
phenoxy is lower than that of the pure PCL.26 The same
trend of surface free energy of chain folding was also
observed in poly(vinyl chloride) (PVC)/PCL23 and poly-
(styrene-co-acrylonitrile) (SAN)/PCL27 blend systems. In
our previous study of the phenolic/PCL blend system,28

however, we found that the surface free energy of chain
folding increases with increasing phenolic content.
According to the secondary nucleation theory,1,29 the
initial crystal thickness is not only dependent on the
degree of supercooling but also dependent on the value
of the surface free energy of chain folding. As a result,
determining the surface free energy of chain folding is
quite important because the morphology of a crystalline
PCL blend depends strongly on this value. The hydrogen
bonding interaction that exists in phenoxy/PCL and
phenolic/PCL blends has been discussed widely, but two
different trends on the surface free energy of chain
folding have been found. These trends indicate that
different hydrogen bonding strengths can induce dif-

ferent polymer crystallization behaviors with respect to
thermodynamic properties and morphologies.

According to the PCAM, the equilibrium constants for
hydrogen bonding by self-association (KB) and inter-
association (KA) can be obtained by Fourier transform
infrared spectroscopy. Most importantly concerning the
miscibility in this model is that if the interassociation
is strongly favored over the self-association, the polymer
blend is expected to be miscible. Conversely, if the self-
association is stronger than the interassociation, the
blend tends to be immiscible or partially miscible. As a
result, two different types of hydrogen bonding strengths
have been observed based on the PCAM. In this paper,
we report the crystallization kinetics, surface free
energies of chain folding, and crystalline thickness in
PCL blends with phenolic, PVPh, and phenoxy, which
we have studied by differential scanning calorimetry,
Fourier transform infrared spectroscopy, optical micros-
copy, and small-angle X-ray scattering based on the
PCAM. Good correlations exist, based on the PCAM,
between the values of the surface free energies of chain
folding and the relative ratio (KA/KB) of the inter- and
self-association equilibrium constants.

Experimental Section
Materials. The PCL used in this study was the TONE

Polymer P-787 with Mn ) 80 000 g/mol, which was purchased
from Union Carbide Corp. The phenolic was synthesized with
sulfuric acid via a condensation reaction, and average molec-
ular weights are Mn ) 500 g/mol and Mw ) 1200 g/mol. The
poly(vinylphenol) with a Mw ) 9000-10000 g/mol were pur-
chased from Polyscience Inc. The phenoxy was obtained from
the Union Carbide Co., with Mn ) 23 000 g/mol and Mw )
48 000 g/mol.

Blend Preparation. Blends of phenolic/PCL, PVPh/PCL,
and phenoxy/PCL of various compositions were prepared by
solution blending. Tetrahydrofuran solution containing 5 wt
% of the polymer mixture was stirred for 6-8 h, and then the
solvent was evaporated slowly at room temperature for 1 day.
To ensure total elimination of solvent, the film of the blend
was then dried at 50 °C for 2 days.

Characterizations. The crystallization behavior of the
polymer blends was studied by DSC using a Du-Pont (DSC-
9000). DSC was used to study the isothermal crystallization
from the melt at 80 °C for 10 min, cooled rapidly to crystal-
lization temperature (Tc), and then maintained at Tc for 12 h.
In the crystallization experiments, crystallinity was expressed
as the ratio of peak areas at time to that at the end of
crystallization.

Infrared spectra of polymer blend films were determined
by using the conventional NaCl disk method. The THF solution
containing the blend was cast onto a NaCl disk and dried
under condition similar to that used in the bulk preparation.
The film used in this study was thin enough to obey the Beer-
Lambert law. FTIR measurement was recorded on a Nicolet
Avatar 320 FT-IR spectrophotometer, and 32 scans were
collected with a spectral resolution of 1 cm-1. IR spectra
recorded at elevated temperatures were obtained by using a
cell mounted inside the temperature-controlled compartment
of the spectrometer.

The spherulite growth rates were determined by using a
polarized-light microscope, manufactured by Olympus Limited
Co., Japan, equipped with a heating stage (Mettler- FP90) and
photographed with a CCD camera. Each sample was sand-
wiched between two thin glass slides, melted for 10 min on
one hot stage at 80 °C, and then transferred as quickly as
possible onto another hot stage preheated to the desired
crystallization temperature (Tc). The samples were crystallized
isothermally at a given Tc to monitor the growth of the
spherulite as a function of time. The radial growth rate of a
PCL spherulite was calculated as the slope of the line obtained
from a plot of the spherulitic radius vs time.
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All SAXS measurements were performed at room temper-
ature. The X-ray source was an 18 kW rotating-anode X-ray
generator equipped with a rotating-anode Cu target. The X-ray
source was operated at 200 mA and 40 kV.

Results and Discussion

Thermal Property and Hydrogen Bonding
Strength in PCL Blend. In our previous study,30 all
PCL blends with phenolic, PVPh, and phenoxy exhibit
a single glass transition temperature by DSC, which is
a characteristic of miscible systems. The strength of
interassociation, which was determined by calculating
values of q in the Kwei equation,31 depends on the
hydrogen bonding donor group in the order phenolic/
PCL > PVPh/PCL > phenoxy/PCL. In addition, the
interaction energy density parameter calculated from
the melting point depression of PCL using the Nishi-
Wang equation32 from the Flory-Huggins theory33 also
results in a similar trend as that of the Kwei equation.

Quantitative analyses of the fractions of hydrogen-
bonded carbonyl groups in the molten state of all
systems were made by FTIR spectroscopy. Figure 1
summarizes the fraction of hydrogen bonded carbonyl
groups vs the PCL content for phenolic, PVPh, and
phenoxy at 75 °C (above the melting temperature of
PCL)34 and indicates that the fraction of hydrogen
bonded carbonyl groups increases with increasing con-
tent of these hydrogen bond donating polymers. Fur-
thermore, it is clear that the fraction of hydrogen bond
formation with PCL also occurs in the order phenolic/
PCL > PVPh/PCL > phenoxy/PCL blend. In this study,
we focus on their corresponding inter- and self-associa-
tion equilibrium constants. In previous studies, values
of KB were calculated to be 52.3 for phenolic,35 66.8 for
PVPh,24 and 25.6 for phenoxy,36 and values of dimer self-
association equilibrium constant (K2) were calculated
to be 23.3, 21.0, and 14.4 for phenolic, PVPh, and
phenoxy, respectively, at 25 °C. The values for the
interassociation equilibrium constants of 116.83 and 7.0
for the phenolic/PCL and phenoxy/PCL blend system,
respectively, have been calculated by us34 and Iriarte
et al.37 Theoretical predictions agree with the values for
the fraction of hydrogen bonded carbonyl group of the
phenolic/PCL and phenoxy/PCL blends at 75 °C. How-
ever, in the present study, the experimental fraction of
hydrogen bonded carbonyl groups in PVPh/PCL shows
a larger deviation than that predicted using KA ) 66.2
in a previous study by Coleman et al.38 Apparently, we
have found that more suitable value of KA is 90.1 for
the PVPh/PCL blend based on the experimental data

and theoretical prediction. Our calculation of the inter-
association equilibrium constants followed a least-
squares method that we have discussed previously.39

Table 1 lists all the parameters required by the PCAM
to estimate thermodynamic properties for these polymer
blends. Clearly, the interassociation equilibrium con-
stant and relative ratio of KA/KB occurs in the order
phenolic/PCL > PVPh/PCL > phenoxy/PCL. Most im-
portantly, we found that the value of KA is greater than
that of KB in the phenolic/PCL and PVPh/PCL blend
systems, while the reverse is true in the phenoxy/PCL
blend system. These results indicate that in phenolic/
PCL and PVPh/PCL blends the intermolecular hydrogen
bonding dominates over the intramolecular hydrogen
bonding for pure phenolic and pure PVPh homopoly-
mers. In contrast, the intramolecular hydrogen bonding
of the pure phenoxy homopolymer dominates over the
intermolecular hydrogen bonding of the hydroxyl-
carbonyl groups in the phenoxy/PCL blend system. The
phenoxy/PCL blend has been defined in many previous
studies as a strongly hydrogen bonding system.26,39-44

Actually, our results suggest that the phenoxy/PCL
blend is not really a strongly interacting system when
compared with the phenolic/PCL and PVPh/PCL blends.
Clearly, the interassociation strength depends on the
nature of the hydrogen bond donor group and occurs in
the order phenolic/PCL > PVPh/PCL > phenoxy/PCL
based on the PCAM, and this order is consistent with
previous DSC and FTIR analyses.

Isothermal Crystallization Kinetics. In this study
of the isothermal crystallization by using DSC, the
weight fraction of crystallinity, X(t), was calculated
according to the following equation:45,46

where the integral in the numerator is the heat gener-
ated at time t and that in the demominator is the total
heat generated up to the end of the crystallization
process. For brevity, Figure 2 shows the typical iso-
therms obtained by plotting X(t) against time for pure
PCL, phenolic/PCL, PVPh/PCL, and phenoxy/PCL with
the same hydrogen bond donating polymer content (10
wt %) at the crystallization temperature of 40 °C. The
crystallization kinetics of the PCL blends were analyzed
using the Avrami treatment:47

where X(t) is the weight faction of material crystallized
after time t, n is the Avrami exponent, the value of
which depends both on nature of the primary nucleation
and on the growth geometry of the crystalline entities,
and k is the overall kinetic rate constant, which depends
on the rates of nucleation and growth. The values of k
and n can be calculated from the intercept and slope of
eq 2. Figure 3 shows that a linear relationship exists
between log[-ln(1 - Xt)] and log t for pure PCL,
phenolic/PCL, PVPh/PCL, and phenoxy/PCL with the
same composition at the crystallization temperature of
40 °C. In addition, from Figure 2, the half-time of
crystallization, t1/2, is defined as the time required for
half of the final crystallinity to be developed. Figure 4
displays a plot of t1/2 vs Tc for phenolic/PCL, PVPh/PCL,
and phenoxy/PCL blends. For the sake of brevity, the

Figure 1. Relationship between experimental data and
theoretical prediction by PCAM of hydrogen bonded fraction
of carbonyl group within various PCL blend systems: (9)
phenolic/PCL, (b) PVPh/PCL, (2) phenoxy/PCL.

X(t) )
∫0

t dH
dt

dt

∫0

∞ dH
dt

dt
(1)

log[-ln(1 - Xt)] ) log k + n log(t) (2)
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values of k, n, and t1/2 are not shown in this study.
However, we found noninteger values of n in almost all
cases resulting from mixed growth or surface nucleation
modes. The values of k decrease with increasing the
hydrogen bond donor content and the crystallization
temperature. It is well-known that molecular mobility
is the controlling factor at lower crystallization temper-
atures, while at higher crystallization temperatures the
process is controlled by nucleation, such that k decreases
with increasing Tc. Most importantly, these results also
indicate that the overall crystallization rate decreases
in the order phenolic/PCL > PVPh/PCL > phenoxy/PCL,
which is also consistent with the order of increasing
strength of hydrogen bonding.

Spherulite Growth Kinetics. The spherulite growth
rates of PCL blends were determined by using a
polarizing optical microscope. Figure 5 displays plots of
the spherulite radius of pure PCL, phenolic/PCL, PVPh/
PCL, and phenoxy/PCL vs time under same composition

at the crystallization temperature of 40 °C. The solid
lines represent the best least-squares fits to the data.
It is clear that there is a linear increase in the radius
with time until the spherulite impinges on one another,
with the slopes of the lines increasing in the order pure
PCL > phenoxy/PCL > PVPh/PCL > phenolic/PCL. The
dependence of G on Tc for pure PCL and various PCL
blends is shown in Figure 6, which indicates that the
spherulite growth rate decreases with an increase in the
content of the hydrogen bond donating polymer at a
given value of Tc. The presence in the blends of
amorphous hydrogen bond donating polymers with high
values of Tg significantly decreases the rate of PCL
crystallization, as is expected. Furthermore, the reduc-
tion in the spherulite growth rate also decreases with
increasing the crystallization temperature. Similarly,
these results also indicate that the spherulite growth
rate decreases in the order phenolic/PCL > PVPh/PCL
> phenoxy/PCL, which is also consistent with the order
of hydrogen bonding strength. In general, there are
three main factors dictating the depression of crystal-
lization rate in the miscible crystalline/amorphous
polymers with high Tg: (1) a decrease of segmental
mobility of the crystalline polymer transporting across
the liquid-solid interface because of the high Tg of the
blends, (2) a dilution effect that reduces the number of
crystallizable segments at the surface of the growth
spherulite, and (3) a decrease in supercooling resulting
from the depression in melting point.

Values of interaction energy density parameters,
calculated from melting depression of PCL using the
Nishi-Wang equation in our previous study,30 follow
the order phenolic/PCL > PVPh/PCL > phenoxy/PCL,
which implies that the degree of supercooling is in-
versely proportional to the hydrogen bonding strength
at a constant crystallization temperature. Therefore, the
crystallization rate depression in the present study is
consistent with the degree of supercooling. Nonetheless,
in a previous study, Wang and Jiang48 found that the
dependence of the decrease in the crystallization growth
rate on glass transition temperature in the SAN/PCL
blend dominates over the polymer-polymer interaction
parameter based on the Flory-Huggins theory. The
glass transition temperatures of phenolic, PVPh, and
phenoxy are 66, 150, and 98 °C, respectively, and the
Tg order is PVPh > phenoxy > phenolic. Apparently,
the glass transition temperature does not play the main
role in determining the crystallization kinetics in a
blend system with strong hydrogen bonding inter-
actions. It seems that the hydrogen bonding strength
or the polymer-polymer interaction parameter is more
important than the chain mobility in a hydrogen-bonded
PCL blend system. On the contrary, the influence of the
glass transition temperature of the blend, which is
related to the chain mobility, is more important than

Table 1. Summary of the Self- and Interassociation Equilibrium Constants and Their Thermodynamic Parameter of
Phenolic/PCL, PVPh/PCL, and Phenoxy/PCL Blends at 25 °Ca

equilibrium constant enthalpy (kcal/mol)

polymer V Mw δ DP K2 KB KA h2 hB hA

phenolicb,c 84 105 12.05 6 23.3 52.3 116.8 -4.1 -6.1 -4.6
PVPhd 100 120 10.60 100 21.0 66.8 90.1 -5.6 -5.2 -4.3
phenoxye,f 216 284 10.22 80 25.6 14.4 7.0 -2.5 -3.4 -2.7
PCLd 107 114 9.21 714
a V ) molar volume (mL/mol), Mw ) molecular weight (g/mol), δ ) solubility parameter (cal/mL)1/2, DP ) degree of polymerization, K2

) dimer self-association equilibrium constant, KB ) multimer self-association equilibrium constant, KA ) interassociation equilibrium
constant, h2 ) enthalpy of dimer self-association formation, hB ) enthalpy of multimer self-association formation, and hA ) enthalpy of
interassociation formation. b Reference 35. c Reference 34. d Reference 24. e Reference 36. f Reference 37.

Figure 2. Crystallization isotherms of pure PCL, phenolic/
PCL ) 10/90, PVPh/PCL ) 10/90, and phenoxy/PCL ) 10/90
blends at 40 °C.

Figure 3. Avrami plot for pure PCL, phenolic/PCL ) 10/90,
PVPh/PCL ) 10/90, and phenoxy/PCL ) 10/90 blends at 40
°C.
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the polymer-polymer interaction parameter in a blend
system with relatively weak interactions.

The Lauritzen-Hoffman model, described below, was
used to analyze the spherulite crystallization behavior
of homopolymers and some crystalline/amorphous poly-
mer blends. We have also used this theory to analyze
the spherulite crystallization behavior of PCL blends.
The equation is49

where G0 is the front factor, U* is the activation energy
for the segment diffusion to the site of crystallization,
R is the gas constant, T∞ is the hypothetical temperature
below which all viscous flow ceases, Kg is the nucleation
parameter, ∆T is the degree of supercooling defined by
Tm

0 - Tc, and f is a correction factor given as 2Tc/(Tm
0 +

Tc). It is important to emphasize that the parameters

U* and T∞ were treated as variables to maximize the
quality of the fit to eq 3. In this study, we used the
Williams-Landel-Ferry (WLF) values of U* ) 4120 cal/
mol and T∞ ) Tg - 51.6.50 The nucleation parameter
Kg is given by51,52

where b is the thickness of a monomolecular layer, σ is
the lateral surface free energy, σe is the surface free
energy of chain folding, ∆hf is the heat of fusion per unit
volume, Tm

0 is the equilibrium melting temperature,
and kB is the Boltzmann constant. Typically, the value
of n ) 4 in regimes I and III, but a value of n ) 2 was
employed in regime II. Often, it is most convenient to
rearrange eq 3 as

A plot of the left-hand side of eq 5 vs 1/Tc(∆T)f gives a
line of slope ) -Kg. The values of Kg from eq 5 analyses
are summarized in Table 2. In this study, the regime is
assigned to be regime II at 30-40 °C.26 The derived
value of Kg can be used to calculated σe and the work of
chain folding q for the PCL. Using the thickness b )
0.412 nm,52 Tm

0 ) 70.9 °C was determined in our
previous study34 and ∆hf ) 1.63 × 109 erg/cm3.53 The
lateral surface free energy σ may be estimated by the
Thomas-Stavely relationship:54

where R is an empirical constant and R is usually
assumed to be 0.1 for the vinyl polymers and R ) 0.25

Figure 4. Plot of t1/2 vs crystallization temperature for samples of different compositions of phenolic/PCL, PVPh/PCL, and phenoxy/
PCL blends.

Figure 5. Spherulite radius as a function of time for pure
PCL, phenolic/PCL ) 10/90, PVPh/PCL ) 10/90, and phenoxy/
PCL ) 10/90 blends isothermally crystallized at 40 °C.

G ) G0 exp[ -U*
R(T - T∞)] exp[ -Kg

f T∆T] (3)

Kg )
nbσσeTm

0

∆hfkB
(4)

ln G + U*
R(T - T∞)

) ln G0 -
Kg

T(∆T)f
(5)

σ ) Rb0(∆hf) (6)
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for high melting polyesters.55 For a low-melting poly-
ester, such as PCL, which has a long sequence of CH2
groups as in PE, a value of 0.1 is recommended. The
value of σe for pure PCL was obtained as 72.36 erg/cm2,
which agrees well with the value previously reported.26

The values of Kg(II) and σe with respect to blend
compositions are also listed in Table 2. Both values
increase with the increase in the content of phenolic and
PVPh, indicating that the crystallization ability of PCL
decreases with increasing content of phenolic and PVPh
in blends. However, the surface free energy of chain
folding decreases with an increase in phenoxy content
up to phenoxy/PCL ) 5/95 and then increases with
increase of phenoxy content. We emphasize here that
the surface free energy of chain folding in phenoxy/PCL
is still lower than that of the pure PCL. It seems that
the value of surface free energy of chain folding is
dependent on the relative ratio of KA to KB based on
the PCAM. To confirm this assumption, Table 3 lists
various hydrogen bonded crystalline polymer blends in
which the relative strength of KA/KB and their corre-
sponding values of surface free energy of chain folding
have been studied. Clearly, if the KA is larger than the
KB, the value of surface free energy in the polymer blend
is larger than that in the pure crystalline homopolymer,

as in the case for the phenolic/PCL, PVPh/PCL, and
phenolic/PEO56 blend systems. Conversely, if the KB is
greater than the KA, the value of surface free energy in
the polymer blend is smaller than that in the pure
crystalline homopolymer, as in the cases of the phenoxy/
PCL26 and PVPh/PHB57 blend systems. In addition, the
value of surface free energy in a polymer blend with a
relatively weaker interaction is smaller than that in the
pure crystalline homopolymer, as in the case for PVC/
PCL,23 SAN/PCL,27 and PMA/PHB.58

Although the crystallization kinetics rate was ob-
served to decrease with an increase in the amount of
the amorphous component in all these miscible blend
systems, the values of surface free energy of chain
folding show different trends with different intermo-
lecular interaction strengths. In a blend system with
strong hydrogen bonding, the value of surface free
energy of chain folding increases with an increase in
the content of phenolic or PVPh. These results are
probably related to the fact that during crystallization
phenolic and PVPh may easily form entanglements or
physical cross-links with PCL molecules, which favors
the formation of large loops on the surface of PCL
lamellar crystals.59 This result indicates that the surface
enthalpy term overwhelms the surface entropy of chain
folding because of the fact that KA is greater than KB.
On the contrary, in a blend system with weak hydrogen
bonding, the phenoxy may act as a nucleation agent for
PCL since KB is greater than KA; the blend tends to be
immiscible or partially miscible and thus reduce the free
energy change on crystallization and the driving force
for crystallization. The same explanation has been used
in a relative weakly interacting blend, such as the SAN/
PCL blend.27 A recent theoretical model has predicted
that a miscible blend of polymers with a relatively large
Tg difference, and that exhibit weak intermolecular
interactions, will exhibit “two dynamic microenviron-
ments”.60 One is near the mean blend mobility, and the
other is close to that of the component with lower Tg.
Even though the weakly hydrogen bonding blends, such
as phenoxy/PCL, and the weakly interacting blends,
such as PVC/PCL or SAN/PCL blend systems, show only
one single Tg based on DSC analyses. It is generally
known that a single compositionally dependent Tg
indicates full miscibility with a dimension on the order

Figure 6. Radial growth rate (G) as a function of Tc for phenolic/PCL, PVPh/PCL, and phenoxy/PCL blends.

Table 2. Comparison of Kg and Surface Free Energies of
Chain Folding for Phenolic/PCL, PVPh/PCL, and

Phenoxy/PCL Blends

compositions Kg(II) × 10-4 (deg2) σe (erg/cm2)

phenolic/PCL
0/100 9.90 72.36
5/95 10.0 72.68
10/90 10.4 75.48
20/80 12.2 88.96
30/70 13.3 96.56

PVPh/PCL
0/100 9.90 72.36
5/95 10.3 74.68
10/90 11.3 82.12
20/80 11.5 83.58
30/70 11.8 85.76

phenoxy/PCL
0/100 9.90 72.36
5/95 8.95 65.04
10/90 9.60 69.77
20/80 9.65 70.13
30/70 9.70 70.49
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of 20-40 nm, but it does not confirm the fully miscible
domain size below this dimension. For example, the
well-known hydrogen bonded blend system PVPh/
PMMA has been observed to exhibit only one single
value of Tg based on DSC analyses.61 However, two
dynamic relaxations are found by using a dynamic
mechanical analyzer and observing the spin-lattice
relaxation time in the rotating frame (T1F(H)) in solid-
state nuclear magnetic resonance spectroscopy62-64

since the value of KA between the hydroxyl group of
PVPh and the carbonyl group of PMMA (KA ) 37.5) is
smaller than the value of KB for the hydroxyl-hydroxyl
interactions of PVPh (KB ) 66.8).61 Two relaxation times
in the rotating frame indicate that the immiscibility
domain size is greater than 2-3 nm based on the one-
dimensional spin-diffusion equation. Therefore, mi-
crophase separation may occur in certain relative
weakly hydrogen bonding or weakly interacting blend
system, indicating that the amorphous component may
play the role of a nucleation agent to reduce the surface
free energy of chain folding and provide the driving force
for crystallization.

Morphology. Small-angle X-ray scattering is a pow-
erful tool for probing the detailed microstructure of
crystalline/amorphous blends. The morphological pa-
rameters in the lamellar level, such as the long period
(L), crystal layer thickness (lc), and amorphous layer
thickness (la), can be determined from the one-dimen-
sional correlation function.65 Figure 9 shows the profiles
of Lorentz-corrected intensity (Iq2) of pure PCL, phenolic/
PCL, PVPh/PCL, and phenoxy/PCL with the same
compositions at the crystallization temperature of 40
°C for 1 week. The peak position shifts toward a lower
angle with increasing the content of all the hydrogen-
bond donating polymers, indicating that the long period
from Bragg’s law increases. This phenomenon may
result from the thickness of the PCL crystals or the
swelling of amorphous layers by blending with the
hydrogen bond donor polymers. This kind of increase
in the lamellar periodicity of a crystallizable component
in a polymer blend attributable to interlamellar segre-
gation of the second amorphous component has been
observed for the SAN/PCL,66 PVPh/PCL,67 and PHB/
PVPh57 blend systems. This result indicates that during

crystallization of PCL from the one-phase melt the
amorphous hydrogen bond donating polymer is rejected
into the interlamellar region of PCL, where it forms a
homogeneous blend with the amorphous region of PCL
molecules.

For convenience, the crystal layer thickness of PCL
blends in this study are adapted from previous studies
by us,28 Chen et al.,67 and Defieuw.39 We have found
that the crystal layer thickness of PCL increases with
an increase in the phenolic and PVPh content. The same
trend of increasing crystal layer thickness was also
found in the poly(styrene-co-vinylphenol)/PEO blend
system.21 In contrast, the crystal layer thickness of the
phenoxy/PCL blend is almost lower than that of pure
PCL reported previously by Defieuw et al.39 The crystal
layer thickness of PCL varied with the phenoxy content
and exhibited a maximum at 20 wt % of phenoxy. In
other blend compositions, the crystal layer thickness of
PCL is less than that in pure PCL. The same reduction
of crystal thickness has also been found in weakly
interaction blend such as PVC/PCL68 and SAN/PCL.69

According to the secondary nucleation theory, the
initial crystal thickness is given by1,29

Table 3. Relationship between the Relative Magnitude Strength of KA vs KB with Surface Free Energy of Chain Folding
and Crystal Layer Thickness

blend system KA KB

relative magnitude
strength of KA vs KB

σe compared with pure
crystallizable component

lc compared with pure
crystallizable component

Strongly Hydrogen Bonding
phenolic/PCL 116.8a 52.3b KA > KB increasec increasec

PVPh/PCL 90.1d 66.8e KA > KB increased increased,f

phenolic/PEO 264.7g 52.3b KA > KB increaseh -ac

SHS50/PEO 39.3i 29.8e KA > KB -ac increasej

Weakly Hydrogen Bonding
phenoxy/PCL 7.0k 25.6l KA < KB decreased,m decreased,n

PVPh/PLLA 10o 66.8e KA < KB -ac decreasep

PVPh/PHB 62.1q 66.8e KA < KB decreaser decreaser

ACA/PHB 2.6ab 28.8ab KA < KB decreases decreases

Weakly Interaction
PVC/PCL decreaset decreaseu

SAN/PCL decreasev decreasex

PMA/PHB decreasey -ac

PVAc/PHB -ac increasez

PVAc/PEO -ac increaseaa

a Reference 34. b Reference 35. c Reference 28. d This study. e Reference 24. f Reference 67. g Reference 75. h Reference 56. i Reference
24. j Reference 21. k Reference 37. l Reference 36. m Reference 26. n Reference 39. o Reference 76. p Reference 74. q Reference 73. r Reference
57. s Reference 22. t Reference 23. u Reference 68. v Reference 27. x Reference 66. y Reference 58. z Reference 71. aa Reference 72. ab Reference
77; the KB of ACA is used the KB of ethylene-co-vinyl alcohol (EVOH), and the KA between ACA and PHB is used the KA between EVOH
and PVAc. ac Some unknown results are not shown in this table based on our knowledge.

Figure 7. Profiles of Lorentz-corrected SAXS intensity of
phenolic/PCL blends pure PCL, phenolic/PCL ) 10/90, PVPh/
PCL ) 10/90, and phenoxy/PCL ) 10/90 blends isothermally
crystallized at 40 °C for 1 week.

lg* =
2σeTm

0

∆hf
0(Tm

0 - Tc)
(7)
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The final crystal thickness, according to the notation of
Hoffman and Weeks,70 is γ times the initial thickness:

where γ is the lamellar thickness factor. In general, the
formation of thicker crystals in the blend is attributed
to the depression of the equilibrium melting tempera-
ture because the initial crystal thickness is inversely
proportional to the degree of supercooling in eq 7.
Depression of the equilibrium melting temperature by
blending lowers the degree of supercooling for a given
Tc and a large lg* is induced in the blend. It is well-
known that a depression of equilibrium melting tem-
perature is found in most miscible systems, which
reduces the formation of thicker crystals. However, as
mentioned above, the reduction of crystal thickness has
been found, as in the cases of PVC/PCL and SAN/PCL.
Apparently, it is clear that the initial crystal thickness
is not only dependent on degree of supercooling but is
also dependent on the values of the surface free energy
of chain folding in eq 7. The initial crystal thickness is
proportional to the surface free energy of chain folding
in eq 7. As a result, the crystal layer thickness depends
on the competition between the values of surface free
energy of chain folding and the degree of supercooling.
Table 3 also lists different values of the surface free
energy of chain folding and the crystal layer thickness
compared with those of the pure crystallizable compo-
nent, in various crystalline/amorphous blends. When the
uncomplicated blend system is strongly hydrogen bond-
ing, as in the cases of the phenolic/PCL and PVPh/PCL
blend systems, the surface free energy of chain folding
is larger than that of pure PCL and the degree of
supercooling is lower than that of pure PCL, which
suggests that the crystal layer thickness of PCL is
increased with increasing the phenolic and PVPh con-
tent. However, the crystal layer thickness of phenoxy/
PCL has a lower value than that of pure PCL since the
surface free energy of chain folding is lower than that
of pure PCL. In another previous study,26 Cortazar et
al. found that the surface free energy of chain folding
of phenoxy/PCL is also lower than the pure PCL with
the all compositions of phenoxy content. Therefore, the
competition between the lower value of the surface free
energy of chain folding and the lower degree of super-
cooling, relative to those of pure PCL, induces the
smaller crystal layer thickness. Meanwhile, a reduction
of the surface free energy of chain folding was found in
weakly interacting systems, such as PVC/PCL and SAN/
PCL blends, in which the thickness of the crystalline
phase decreases with an increase in the PVC and SAN
content. This phenomenon may arise from the surface
free energy of chain folding dominating over the degree
of supercooling. In contrast, for the same weakly
interacting blend system of PVAc/PHB71 and PVAc/
PEO,72 blending with PVAc results in thickening of the
PHB and PEO crystals. This phenomenon can be
interpreted by considering that the degree of supercool-
ing is predominant. We have confirmed that the thick-
ness of a crystalline phase is also strongly dependent
on the value of the surface free energy of chain folding.
Here, an interesting question arises: Can we establish
a general principle for predicting the thickness of
crystalline phase in a miscible polymer blend?

Interestingly, we note with that if the interassociation
equilibrium constant is greater than the self-association
equilibrium constant in a blend system exhibiting strong

hydrogen bonding, the crystal layer is expected to be
relatively thicker, as in the cases of phenolic/PCL,
PVPh/PCL, and SHS50/PEO, because of the larger
surface free energy of chain folding and/or the lower
degree of supercooling. The general reduction in crystal
layer thickness is expected in blend systems displaying
weak hydrogen bonding, such as phenoxy/PCL, PVPh/
PHB,22,57 PVPh/PLLA,73 and ACA/PHB,74 because the
lower surface free energy is predominant over the lower
degree of supercooling. The most complicated blend
systems are those with weakly interacting components,
such as PVC/PCL, SAN/PCL, PVAc/PEO, and PVAc/
PHB, and they exhibit either increases or decreases in
crystal layer thickness. This phenomenon is dependent
on whether the lower surface free energy of chain folding
or the lower degree of supercooling is predominant.

In summary, the microstructure, morphology, and
crystallization kinetics of crystalline/amorphous binary
blends are quite complicated. There are several main
factors that influence their behavior, including the glass
transition temperature that is related to the chain
mobility,48 specific interactions such as hydrogen bond-
ing, dipole-dipole interactions, or copolymer repulsive
effects, polymer-polymer interaction parameter that is
related to the degree of supercooling, and molecular
weight.68 In this paper, we have demonstrated that
different hydrogen bonding strengths may lead to dif-
ferent thermodynamic, morphologic, and kinetic proper-
ties. In a blend system exhibiting strong hydrogen
bonding, the strength of the intermolecular interaction
plays the most important role relative to others factor.
By strong or weak hydrogen bonding, we refer to the
relative magnitude of the interassociation and self-
association equilibrium constants.

Conclusions

The reduced overall crystallization kinetics and crys-
tal growth rate in PCL crystalline phases are in the
order phenolic/PCL > PVPh/PCL > phenoxy/PCL, which
is consistent with their relative intermolecular hydrogen
bonding strengths based on the Painter-Coleman as-
sociation model. This result suggests that the effect of
hydrogen bonding strength on the rate of crystallization
predominates over the influence of the glass transition
temperature of the blends. The definition of strong or
weak hydrogen bonding refers to the relative magni-
tudes of the interassociation and self-association equi-
librium constants. The values of the surface free energy
of chain folding in PCL crystalline phases is increased
with increasing content of hydrogen bond donating
polymer in the phenolic/PCL and PVPh/PCL blends,
since the KA of the hydroxyl-carbonyl interaction is
greater than the KB of the hydroxyl-hydroxyl inter-
action in these two blend systems. In contrast, in the
phenoxy/PCL blend system, the smaller KA relative to
the KB induces a smaller surface free energy of chain
folding than that of the pure PCL. Different values of
surface free energy of chain folding tend to induce
different crystal layer thickness since this value is
dependent on the competition between the values of
surface free energy of chain folding and the degree of
supercooling.
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