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ABSTRACT: Enzymatically prepared novel polyphenol
poly(4,4�-dihydroxydiphenyl ether) (PDHDPE) is blended to
modify the properties of biodegradable polyester poly(�-
caprolactone) (PCL). Since the differential scanning calorim-
etry data show single composition-dependent glass transi-
tion for each blend, PCL and PDHDPE are found to be
miscible in the amorphous phase. The crystallization of PCL
is depressed by PDHDPE because PDHDPE reduces the
molecular mobility and the flexibility of molecular chains of
PCL. The Fourier transform infrared spectra clearly indicate
that PCL and PDHDPE interact through strong intermolec-
ular hydrogen bonds formed between the carbonyl groups
of PCL and the hydroxyl groups of PDHDPE. The increase
of the long period, calculated on the basis of Bragg’s law
with the measurement of small-angle X-ray scattering, is

found because the peak position of the profiles of Lorentz-
corrected intensity shifts to smaller angle. With the help of
lamellar stack model and one-dimensional correlation func-
tion, the accurate lamellar parameters are calculated. The
increase of long period is induced by the increase of crystal
thickness. The thermal treatment can effectively modify the
thermal stability of PCL/PDHDPE blends with the introduc-
tion of an intermolecular coupling of the polymer to give
crosslinked and/or branched products. It is also found that
the addition of PDHDPE to PCL would obviously increase
the Young’s modulus of PCL. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 149–160, 2006
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INTRODUCTION

Phenol–formaldehyde resins, such as novolaks and
resols, are synthesized by the condensation of phenol
and formaldehyde, and are widely used in industry
because of their low manufacturing cost, dimension
stability, high tensile strength, and flame retardance.1

However, an alternative process without formalde-
hyde to prepare phenol polymers has been strongly
desired due to the toxic nature of formaldehyde.

Recently, the area of in vitro enzyme-catalyzed or-
ganic reactions has received great attention, since
many families of enzymes can be utilized for transfor-
mation of not only their natural substrates but also a
wide range of unnatural compounds, yielding a vari-
ety of useful materials. Enzymatic polymerization is
defined as chemical polymer synthesis in vitro (in test
tubes) via nonbiosynthetic (nonmetabolic) pathways
catalyzed by an isolated enzyme.2 The main target
macromolecules of the enzymatic polymerization are

polysaccharides, polyesters, poly(amino acid)s and
polyaromatics.3

Enzymatic polymerization of phenols has been ex-
tensively investigated and this method is thought of as
an environmentally benign production process. First,
the polymerization of the phenols are catalyzed by
enzymes usually under mild reaction conditions; in
most cases, in water at neutral pH at a low tempera-
ture with a high quantitative conversion, high cata-
lytic activity, high selectivity (substrate-, stereo-, re-
gio-, chemo-, etc.), and no undesirable side products.4

Second, because the polyphenols are generated by an
enzymatic process and based on analogies with the
biological heteropolymers like lignin and humic acid,
it is reasonable to assume the biodegradability of poly-
phenols. Actually, the assumption has been confirmed
by the soil-system biodegradation of poly(p-ethyl phe-
nol), poly(m-cresol), and poly(p-phenylphenol), which
are synthesized by peroxidase-catalyzed free-radical
polymerization.5 The enzymatically synthesized poly-
phenols have structures normally of a mixture of phe-
nylene and oxyphenylene units.6–9

Recently, enzyme horseradish peroxidase (HRP), a
single-chain �-type hemoprotein, has received a lot of
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attention because of its availability, stability, and wide
substrate range.10 HRP is commercially important and
used as an effective catalyst for oxidative polymeriza-
tion of 4,4�-dihydroxydiphenyl ether (DHDPE).6,11

The reaction yield is as high as 83% and the synthe-
sized polymer, poly(4,4�-dihydroxydiphenyl ether)
(PDHDPE), shows high thermal stability with a de-
composition temperature above 250°C.

On the other hand, it has been well realized that
using biodegradable plastics like poly(�-caprolactone)
(PCL) is one of the ultimate available solutions to the
environmental problems caused by the disposal of
traditional nonbiodegradable plastic wastes. Blending
is one of the important means to modify the properties
of polyesters. The introduction of intermolecular hy-
drogen-bonding interaction has been a well-known
strategy to enhance the compatibility of the polymer
blends. The formation of intermolecular hydrogen
bonds not only promises the miscibility of the polyes-
ter blends but also effectively modifies the properties
of the polyesters. It has been reported that DHDPE
with two phenolic hydroxyl groups has the ability to
form the intermolecular hydrogen bonds with PCL
and to modify PCL properties greatly.12

In the present article, the enzymatically polymerized
polyphenol PDHDPE is used to modify the properties of
biodegradable polyester PCL with the introduction of
intermolecular hydrogen-bonding interaction. Here,
polymer PDHDPE rather than the monomer DHDPE is
expected to more effectively modify the thermal and
mechanical properties of PCL. PDHDPE has the same
characteristic hydroxyl groups as its monomer DHDPE,
which has the ability to form intermolecular hydrogen
bonds with PCL. The polymer has better thermostability
than the monomer in the process, since enzymatically
polymerized polyphenol can be thermally cured at ap-
propriate temperature under vacuum.13 It is reasonable
to expect that the addition of PDHDPE would greatly
improve the Young’s modulus of PCL, if a miscible
blend system was achieved. The miscibility and isother-
mal crystallization kinetics are investigated for PCL/
PDHDPE blends by differential scanning calorimetry
(DSC). The specific interaction between PCL and PDH-
DPE is affirmed by Fourier transform infrared (FTIR)
spectroscopy. The crystal structure and phase morphol-
ogy of PCL in the blends are analyzed by wide-angle
X-ray diffraction (WAXD) and small-angle X-ray scatter-
ing (SAXS), respectively. The thermal stability of PCL/
PDHDPE blends is measured by thermogravimetry
(TG). Finally, the mechanical properties of the blends are
evaluated.

EXPERIMENTAL

Materials

The PCL powder sample (Celgreen� PH4, Mn � 1.37
� 105; Mw/Mn � 1.49) was supplied by the courtesy of

Daicel Chemical Industries, Ltd. (Osaka, Japan). PDH-
DPE (Mn � 1100; Mw/Mn � 1.1) was prepared by
peroxidase-catalyzed oxidative polymerization of DH-
DPE with HRP as catalyst in aqueous methanol.6 The
polymer precipitate has been purified with an aque-
ous methanol (50:50 vol%) to eliminate the low-mo-
lecular-weight monomer. PDHDPE consists of phe-
nylene and oxyphenylene units (Scheme 1) with a low
content of �,�-hydroxyoligo(1,4-phenylene oxide)s.11

Preparation of blend samples

PCL/PDHDPE blend samples containing up to 40
wt% of PDHDPE were prepared by casting the 1,4-
dioxane solution with concentration about 2 wt% on
Teflon Petri dishes. The films were placed for 1 week
under vacuum at room temperature to eliminate the
solvent completely, and kept in an oven at 25°C for
more than 2 weeks, which is long enough for the
samples to reach thermodynamic equilibrium before
characterization.

The thin layers of the PCL/PDHDPE blends with a
thickness suitable for FTIR measurements were pre-
pared by casting the 1,4-dioxane solutions on silicon
wafers (Mitsubishi Materials Corp., Tokyo, Japan).
The concentration of PCL in the solution was about 20
mg mL�1. The silicon wafer used as a substrate was
transparent for an IR incident beam. The maximum
absorption of the resulting thin layer was within 1
absorbance unit, which ensured that all absorptions
were within the linearity range of the detector. The
FT-IR samples were placed one additional week under
vacuum to eliminate the solvent completely and then
kept in an oven for 2 weeks at 25°C.

Analytical procedures

Differential scanning calorimetry

DSC thermograms were recorded on a SEIKO DSC
220U instrument with the EXSTAR 6000 Station (Seiko

Scheme 1 Chemical structure of PDHDPE.

150 LI ET AL.



Instrument, Co., Tokyo, Japan) as follows: about 5 mg
of a sample (PCL/PDHDPE blends) was encapsulated
into an aluminum pan, and then heated from �90 to
180°C at a scanning rate of 20°C min�1 (the first heat-
ing scan). The sample was rapidly quenched to
�100°C by liquid nitrogen, and reheated from �90 to
180°C also at a scanning rate of 20°C min�1 (the sec-
ond heating scan).

The melting point Tm (first) was taken as the endo-
thermic peak top in the thermal diagram recorded by
the first heating scan, and the melting enthalpy (�H)
(first) was calculated from the integral of the endo-
thermic melting peak in DSC curve. The glass-transi-
tion temperature Tg (second) was taken as indicated
by differentiation of DSC (DDSC) peak recorded by
the second heating scan.

Isothermal crystallization and measurement of equi-
librium melting temperature were carried out with
PYRIS Diamond DSC (PerkinElmer Japan Co., Ltd.,
Yokohama, Japan). The instrument was routinely cal-
ibrated with high-purity indium and N2 was used as
purge gas. All data acquisitions and analyses were
performed using the PYRIS software package. The
crystallization and subsequent melting behavior of
samples (about 7 mg in mass) of PCL and PCL/PDH-
DPE blends were investigated from 25 to 41°C. Each
sample was first melted at 180°C and held at this
temperature for 2 min to erase any prior thermal his-
tory. Then, the sample was quenched (about 80°C
min�1) to the desired temperature (Tc) and held at this
temperature to crystallize. After isothermal crystalli-
zation was completed, the sample was heated to 180°C
at a rate of 10°C min�1 to measure the Tm of the
isothermally crystallized sample.

FTIR measurements

FTIR measurements were carried out on a single-beam
PerkinElmer Spectra 2000 FTIR spectrometer
(PerkinElmer) at room temperature under N2 purging.
All spectra were recorded from 600 to 4000 cm�1 at a
resolution of 4 cm�1 and with an accumulation of 64
scans.

Line-shape analysis of FTIR spectra

A curve-fitting program was applied to resolve the
vibration bands of PCL carbonyl groups into three
components: the amorphous, the crystalline, and the
hydrogen-bonded components. This program is based
on the least-squares parameter-adjustment criterion
using the Gauss–Newton iteration procedure.14 This
fitting adjusts the peak position, the line shape, and
peak width and height by a Gaussian–Lorentzian
combined line shape function to obtain the best fit.

Wide-angle X-ray diffraction and small-angle X-ray
scattering

WAXD patterns of the blend films were recorded by a
RINT-2000 X-ray diffractometer (Rigaku Corp., Tokyo,
Japan) using Nickel-filtered Cu-K� radiation (�
� 0.154 nm; 40 kV; 200 mA) with the 2� incident angle
ranging from 5 to 50° at a scanning rate of 1° min�1.
SAXS measurements were carried out on the same
instrument. Scans were made between Bragg angles of
0.1–2.5°. The intensity was recorded per 0.004°, and
X-rays were controlled for 4 s at one step.

Thermogravimetry

TG thermograms were recorded on a SEIKO TG/DTA
220U instrument with the EXSTAR 6000 Station (Seiko
Instrument, Co., Tokyo, Japan) as follows: about 5 mg
of a sample (PCL/PDHDPE blends) was encapsulated
into an aluminum pan, kept at 50°C, and heated from
50 to 500°C at a heating rate of 5°C min�1 with a
nitrogen flow rate of 300 mL min�1.

Tensile test

Measurements of the mechanical properties of speci-
mens were carried out at room temperature with a
Shimadzu EZ Test machine (Shimadzu, Corp., Kyoto,
Japan) at a cross-head speed of 5 mm min�1. All
samples had a gauge length of 22.25 mm, and a gauge
width of 4.76 mm with variable thickness in the range
of 0.2–0.3 mm. Each value of the mechanical proper-
ties reported was an average of three specimens. The
Young’s modulus E was obtained from the tangent of
the initial slope of force versus elongation curve.

RESULTS AND DISCUSSION

DSC analysis of PCL/PDHDPE blends

It is well recognized that the observation of a single
composition-dependent Tg between those of the neat
polymer components can be taken as the evidence of
miscibility.15 Since the glass transition of a polymer
takes place in the amorphous phase, for a semicrys-
talline polymer like PCL, the accurate value of Tg can
be obtained by the second heating scan of DSC mea-
surement as described in the experimental part to
eliminate or weaken the influence of the amorphous
rigid interfacial region situated between the lamellar
crystals and the amorphous phase.

Figure 1 shows the DSC traces of PCL/PDHDPE
blends with various contents of PDHDPE recorded
during (A) the first and (B) the second heating scans.
In the first scan, the DSC trace of PCL shows an
endothermic peak at 62°C, which is attributed to the
melting of the crystalline domain. Since the glass tran-
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sition of the amorphous domain of PCL (an increase of
heat capacity) is not obvious (because of the high
crystallinity of PCL), the Tg at �61°C is taken as indi-
cated by DDSC peak recorded by the second heating
scan. The crystallinity of PCL in the blend, X*, can be
estimated from the melting enthalpy, �H, in the first
scan and the reference melting enthalpy of PCL with
100% crystallinity, �Href, via eq. (1):

X* � �H/�WPCL�Href) � 100% (1)

where WPCL is the weight percentage of PCL in the
blend and �Href � 166 J g�1.16

PDHDPE is an amorphous polymer with one Tg at
60°C. As shown in Figure 1(A), only one melting peak
corresponding to the PCL component is observed for
all the blends. With the increase of the content of
PDHDPE, the Tm value of PCL decreases gradually

from 62°C for neat PCL to 52°C for that in the blend
with 40% PDHDPE. The decrease of the crystallinity of
PCL is also observed, that is, from 48% (neat PCL) to
37% (PCL-40PDHDPE). These phenomena suggest
that the existence of PDHDPE influences the crystalli-
zation of PCL. The Tg value of PCL in the blends
evidently shifts to higher temperature as shown in
Figure 1(B). With increasing content of PDHDPE from
0 to 40% in the blends, the Tg of PCL/PDHDPE in-
creased from �61 to �31°C.

The thermal properties of PCL and its blends with
PDHDPE are summarized in Table I. These changes of
the thermal properties should be attributable to the
existence of the interaction between PCL and PDH-
DPE. A probable interaction is the formation of hydro-
gen-bonding interaction between the carbonyl groups
of PCL and the hydroxyl groups of oxyphenylene
units of PDHDPE. Because of the formation of the
intermolecular hydrogen bonds, the PDHDPE mole-
cules might act as the physically attached bulky side
groups of PCL chain in the blends. Furthermore,
through the formation of the hydrogen-bonded net-
work, PDHDPE might also act as a physical crosslink-
ing agent in the blend. Both the physical bulky side
groups and the crosslinks would lower the mobility
and the flexibility of PCL chains, resulting in the Tg

increasing.

Crystallization kinetics of PCL/PDHDPE blends

The crystallization of polymers of sufficient structural
regularity can occur over a range of temperatures
limited by Tg and Tm. The characteristic shape of the
temperature–crystallization-rate curves is a conse-
quence of growth being slowed by increasing viscosity
at a temperature close to the Tg, and by diminishing
thermodynamic driving force at temperatures close to
the Tm.17 The crystallization of PCL in the blends
would lead to various degrees of crystallinity with the
variation of crystallization temperature, which might

Figure 1 DSC curves of PCL, PDHDPE, and their blends
recorded during the first (A) and the second (B) heating
scans at a scanning rate of 20°C min�1.

TABLE I
The Thermal Properties and Crystallinity of

PCL/PDHDPE Blends

Sample Tm/°Ca �H/J � g�1 X*/%b Tg/°Cc

PCL 62 78 � 7 48 � 5 �61
PCL-10PDHDPE 59 64 � 6 43 � 5 �54
PCL-20PDHDPE 58 55 � 6 41 � 5 �41
PCL-30PDHDPE 57 46 � 5 39 � 5 �35
PCL-40PDHDPE 52 37 � 4 37 � 4 �31

aObtained from the DSC first heating scan.
bCalculated from the �H of the PCL component (the area

of the DSC melting peak in the first heating scan), with the
�H of 100% crystalline PCL assumed to be 166J � g�1.16

cObtained from the second heating scan.

152 LI ET AL.



have profound effects on its thermal and mechanical
properties.

The Avrami equation is generally used to analyze
the overall crystallization rate under isothermal con-
ditions.18–20 The general form of Avrami equation is:

1 � Xc � exp� � Ktc
n� (2)

where tc is the time elapsed after the onset of crystal-
lization; K is a temperature-dependent crystallization
rate constant containing the nucleation and growth
rates; n is the so-called Avrami exponent, which de-
pends on both the mode of nucleation and the dimen-
sionality of the subsequent crystal growth; and Xc is
the relative crystallinity, which can be calculated ac-
cording to eq. (3):

Xc �
�Hc

�Hinf
�

�
t0

t

�dH/dt�dt

�
t0

	

�dH/dt�dt

(3)

where �Hc is the melting enthalpy of the sample at tc

and �Hinf is the maximum melting enthalpy attained
for the sample. Taking logarithms of eq. (3), eq. (4) is
obtained.

ln[�ln�1 � Xc�] � lnK 	 nlntc (4)

Plotting the left-hand side of the preceding against
ln tc should give a straight line of slope n and intercept
ln K. Figure 2 describes typical linearized Avrami
plots of isothermal crystallization data obtained at
various temperatures for PCL in Figure 2(A) and PCL-
10PDHDPE blend in Figure 2(B). A very good linear
relationship can be observed. This fact makes the cal-
culation of the n and K values possible during the
crystallizing process. The results for all the PCL/PDH-
DPE blends studied here are listed in Table II. It shows
that, at relatively high temperature above 39°C, the
value of n is about 3. When the temperature decreases
or PDHDPE is added to PCL, the value of n decreases.
A lower dimensionality of the growth unit is thought
as the reason for the drop in the Avrami exponent.

The crystallization half-time (t1/2) is defined as the
time required to reach Xc � 0.5. From n and K, it can
be calculated according to eq. (5):

t1/2 � � ln2
K �1/n

(5)

Figure 3 shows, as expected, that t1/2 decreases as Tc

decreases because a larger supercooling accelerates

the crystallization process for each composition. By
examining the dependence of t1/2 on the content of
PDHDPE in the blends at the same temperature, the
overall crystallization rate of PCL is depressed by the
presence of PDHDPE because the mobility and the
flexibility of PCL chains are reduced by PDHDPE, as
suggested by the increase of Tg measured by DSC.
However, some inconsistency is shown for PCL-
10PDHDPE and PCL-15PDHDPE blends. It is thought
that the effect of PDHDPE content on t1/2 in the blends
is less than that of crystallization temperature. Of
course, the error, which is mainly produced in the
calculation of n and K, cannot be neglected.

Figure 2 Typical linear Avrami plots showing the crystal-
lization behavior of (A) PCL and (B) PCL-10PDHDPE
blends.
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FTIR analysis of PCL/PDHDPE blends

FTIR spectroscopy is a quite suitable technique to
investigate specific intermolecular interactions. The
changes of the strength and wavenumber of IR ab-
sorption peaks resulting from some characteristic
functional groups can be attributed to the existence of
intermolecular interaction.

PDHDPE has an excellent potential as a proton do-
nor for hydrogen-bonding interaction because of its
phenolic hydroxyl groups. The monomeric repeating
unit of PCL contains a carbonyl group, which yields a
ı́CAO stretching mode at 1728 cm�1 but PDHDPE has

no group that produces absorption in the region from
1670 to 1770 cm�1. Therefore, it is taken for granted
that any changes in the FTIR spectra in this region

TABLE II
Avrami Parameters Obtained for PCL/PDHDPE Blends by Isothermal Crystallization

Tc/°C

PCL PCL-10PDHDPE PCL-15PDHDPE PCL-20PDHDPE

n K/min�n n K/min�n n K/min�n n K/min�n

25 1.7 1.2
27 1.9 8.6 � 10�1

28 1.9 6.9 � 10�1

29 1.9 5.4 � 10�1

30 1.9 8.2 1.9 3.9 � 10�1

31 2.0 7.9 1.9 2.9 � 10�1

32 2.1 6.6
33 2.1 4.5
34 2.3 3.4
35 1.8 7.1 � 10�1

36 2.3 9.8 1.9 6.0 � 10�1

37 2.5 9.0 2.0 3.1 � 10�1

38 2.5 5.0 2.2 2.1 � 10�1

39 2.9 3.3 2.4 1.2 � 10�1

40 3.0 1.4
41 3.1 4.9 � 10�1

Figure 3 Crystallization half-time (t1/2) as a function of Tc
in different PCL/PDHDPE compositions: (‚), PCL; (Œ) PCL-
10PDHDPE; (F) PCL-15PDHDPE; and (�) PCL-20PDHDPE.

Figure 4 FTIR spectra of PCL, PDHDPE, and their blends
with PDHDPE contents from 10% to 40%, in the vibration
region of (A) carbonyl groups and (B) hydroxyl groups.
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should be directly attributed to the change of the
chemical environment of the carbonyl group, such as
the formation of hydrogen bonds. As shown in Figure
4(A), when PCL is blended with PDHDPE, a new
absorption band centered at 
1706 cm�1 appears, in
addition to the band centered at 1728 cm�1. The
former band can be attributed to the vibration of the
hydrogen-bonded ester carbonyl groups, indicating
the formation of intermolecular hydrogen bonds be-
tween the carbonyl groups of PCL and the hydroxyl
groups of PDHDPE. With increasing the content of
PDHDPE, the relative absorbance of this hydrogen-
bonded carbonyl group vibration increased and that
of the free carbonyl group vibration is reduced, reflect-
ing respectively the increase and the decrease of the
percentage of the hydrogen-bonded and free carbonyl
groups of PCL.

In Figure 4(B) are shown the FTIR spectral changes of
PCL/PDHDPE blends in the vibration region of hy-
droxyl groups as the function of PDHDPE composition.
In the spectrum for neat PDHDPE, a wide band centered
at 3400 cm�1 appears, which should be mainly assigned
to the free and the self-intermolecularly hydrogen-
bonded hydroxyl groups in neat PDHDPE because of its
low wavenumber. However, a very weak band centered
at 3459 cm�1 is observed in this region and it should be
attributed to the vibration of hydroxyl groups at the
chain terminal of PCL. The contribution of this band to
the whole spectra of blends studied here is negligible so
long as the content of PDHDPE in the blends is not too
low. When PCL is blended with PDHDPE, the vibration
region of hydroxyl group is produced by three kinds of
hydroxyl groups: the free, the self-intermolecularly hy-
drogen-bonded (PDHDPEOOH���OHOPDHDPE) and
the intermolecularly hydrogen-bonded (PDHDPEO
OH���OAPCL) hydroxyl groups. With increasing the
content of PDHDPE in the blends, the peak of the band
moves to lower wavenumber side and shows relatively
higher absorbance, indicating the increase of the percent-
age of hydrogen-bonded hydroxyl groups with the PCL
content decreasing.

In the PCL/DHDPE12 and PCL/PDHDPE blend
systems, there are four possible types of hydrogen-
bonding interactions, i.e., the self-intermolecular one,
DHDPEOOH���HOODHDPE and PDHDPEOOH���HOO
PDHDPE, and intermolecular one, DHDPEOOH���
OACOPCL and PDHDPEOOH���OACOPCL. Ac-
cording to the observed wave number, the strength of
these hydrogen-bonding interactions is in this order,
i.e., DHDPEOOH���HO-DHDPE � PDHDPE-OH���HO-
PDHDPE � DHDPE-OH���OACOPCL � PDHDPEO
OH���OACOPCL. Since the energy of hydrogen-bond-
ing interaction of the DHDPEOOH���HOODHDPE type
is much higher than that of PDHDPEOOH���HOO
PDHDPE type, it is easier for the PDHDPEO
OH���HOOPDHDPE bond to break and form weaker
hydrogen-bonding interaction with PCL.

Quantitative analysis of the fractions of hydrogen-
bonded carbonyl groups

As discussed earlier, the formation of intermolecular
hydrogen bonds between the carbonyl groups of PCL
and the hydroxyl groups of PDHDPE has been con-
firmed qualitatively by FT-IR. Here, the Beer–Lambert
law and a curve-fitting program are used to analyze
quantitatively the formation of hydrogen bonds.21

As an example, Figure 5 illustrates the experimental
and fitted spectra for the PCL-40PDHDPE blend in the
vibration region of carbonyl group. The experimental
spectrum can be divided into three peaks for the
amorphous, the crystalline, and the hydrogen-bonded
components at 1737, 1725, and 1706 cm�1, respective-
ly.22 It is very easy to get the data of integrated inten-
sity of them. The excellent agreement between the
experimental and fitted spectra indicates the reliability
of this fitting technique. The fraction of the carbonyl
groups involved in the intermolecular hydrogen
bonds (F(B,CO)) could be calculated according to eq.
(6):23,24

F�B,CO� � A�B,CO�/�A�B,CO� 	 A�A,CO�
B/A 	 A�C,CO�
B/C� (6)

where A(B,CO), A(A,CO), and A(C,CO) are the integrated
intensities corresponding to the bands of the hydro-
gen-bonded, the amorphous, and the crystalline car-
bonyl group, respectively. 
B/A and 
B/C are the
absorption ratios when the difference between the
absorbances of the hydrogen-bonded and the amor-
phous carbonyl groups and that between those of the
hydrogen-bonded and the crystalline carbonyl

Figure 5 Experimental and fitted spectra for PCL-40PDH-
DPE blend in the carbonyl vibration region. Expt., experi-
mental spectrum; Amor., amorphous component; Crys.,
crystalline component; H-bond, hydrogen-bonded compo-
nent; Fitt., fitted spectrum; the sum of the amorphous, crys-
talline and hydrogen-bonded components.
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groups, respectively, are considered, since it has been
shown that the absorption coefficient is a function of
the frequency shift.25 They are defined as:


i/j � �
0

	

�i�v�dv/�
0

	

�j�v�dv (7)

where �i(�) and �j(�) are the absorbances of i and j
components, � is the wavenumber, and i and j are A,
B, or C. On the assumption that neat PCL would not
change its crystallinity in a narrow crystallization tem-
perature range (45–50°C), A(C,CO) and A(A,CO) have a
linear relationship with a slope 
C/A, which can be
accurately measured to be 1.46 through monitoring
the changes of A(C,CO) and A(A,CO) during isothermal
crystallization from the melt state with time-resolved
FT-IR spectroscopy.14 In the same way, in the amor-
phous PCL blend with hydrogen bonds (A(C,CO) is
zero.), A(B,CO) and A(A,CO) have a linear relationship
with a slope 
B/A, which can be accurately measured
to be 1.95. By dividing 
B/A by 
C/A, 
B/C is calculated
to be 1.34.26

Based on the theoretical analysis, in Table III are
shown the data of the fractions of the hydrogen-
bonded, the amorphous, and the crystalline carbonyl
groups of the PCL/PDHDPE blends. It is found that
the fraction of integrated intensity corresponding to
the crystalline carbonyl group of neat PCL
(A(C,CO)/¥A � 100%) is 51%. Compared to the crys-
tallinity values by DSC, the slight difference is attrib-
uted to the fact that the IR crystallinity is based on
preferred conformation. With increasing content of
PDHDPE, the fraction of the hydrogen-bonded car-
bonyl groups (A(B,CO)/¥A � 100%) and F(B,CO) in-
crease notably. When the percentage of PDHDPE ar-
rives at 40%, F(B,CO) is 0.16, which is slightly higher
than that in the PCL/DHDPE blend (0.13).12 This re-
sult shows that PDHDPE has more ability than DH-
DPE to form intermolecular hydrogen bonds with
PCL even though the content of hydroxyl group in the
PCL-40PDHDPE blend is lower than that in the PCL-
40DHDPE blend. This is explained by two reasons,

i.e., the self-intermolecular hydrogen-bonding interac-
tion among DHDPE molecules is too strong to break
and to reform the intermolecular hydrogen bonds be-
tween DHDPE and PCL; furthermore, the much
strong hydrogen-bonding interaction does not benefit
the dispersion of DHDPE in PCL.

WAXD analysis of crystal structure

In Figure 6 are shown the typical WAXD patterns of
solution-cast PCL and its blends with PDHDPE. It is
clear that in the blends the crystalline structure of PCL
is the same as that of neat PCL. Thus, it is thought that
the addition of PDHDPE could not change the crys-
talline structure of PCL, although the formation of
intermolecular hydrogen bonds between PCL and
PDHDPE has been confirmed by DSC and FT-IR mea-
surements. However, the WAXD patterns of the
blends show that the content of amorphous compo-
nent obviously increases with increasing the content
of PDHDPE in the blends.

Lamellar morphology analyzed by SAXS

For a semicrystalline blend, the clarification of the
location of amorphous component in the microphase
is important, since it would affect distinctively the
properties of the blend. In Figure 7 is shown the
profiles of Lorentz-corrected intensity (Is2) of semi-
crystalline PCL and PDHDPE blends crystallized at
25°C for 2 weeks. It is observed that with the content
of PDHDPE increasing, the peak position (smax) shifts
towards smaller angle, which is explained by the in-
crease of the long period (L) calculated on the basis of
Bragg’s law. It is well known that in the lamellar stack
model with sharp phase boundary, the long period
represents the sum of the crystal thickness (Lc) and the
amorphous layer thickness (La). The increase of L can
be induced by the thickening of PCL crystal or the

Figure 6 Wide-angle X-ray diffraction patterns for PCL
and its blends with PDHDPE.

TABLE III
The Relative Intensities and the Fractions of the

Hydrogen-Bonded Carbonyl Groups in
PCL/PDHDPE Blends

Sample

A(A, CO)/
�A �
100/%

A(C, CO)/
�A �
100/%

A(B, CO)/
�A �
100/% F(B, CO)

PCL 49 � 2 51 � 2 0 0
PCL-10PDHDPE 44 � 1 50 � 2 6 � 1 0.04
PCL-20PDHDPE 40 � 1 45 � 1 15 � 1 0.10
PCL-30PDHDPE 38 � 1 43 � 1 19 � 1 0.13
PCL-40PDHDPE 33 � 1 43 � 1 24 � 1 0.16
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swelling of amorphous layers with the introduction of
PDHDPE. One-dimensional correlation function 
(r)
defined as


�r� � �
0

	

sI�s��J0�2�rs� � 2�rsJ1�2�rs��ds/�
0

	

sI�s�ds

(8)

is used to calculate the average L, Lc, and La,
27 where

r is the direction along the measured electron density,
s � 2sin�/�, and Jn is a Bessel function of order n.
When 
(r) is related to the intensity function by Fou-
rier transformation, the morphological parameters can
be calculated from the direct graphical analysis of the
correlation function. In Figure 8 is shown an inverse
Fourier transform to the scattering relation for the
experimental scattering profile for neat PCL as an
example. A subtraction of thermal background, and
an extrapolation to s � 0 by Guinier’s law28 and to 	
by Porod’s law29–31 are carried out before the inverse
Fourier transformation. The first maximum in 
(r) is
corresponding to L. Usually, the amorphous and crys-
talline layer thickness distribution do overlap, which
would not bring a flat first minimum in the 
(r) as
shown in Figure 8. Here, a so-called quadratic expres-
sion as an alternative method is used to calculate the
accurate values of La and Lc.

32 The intersection of the
linear regression of self-correlation triangle with the
abscissa always occurs at r � ��1 � ��L, where �
and 1 � � are the volume fractions of the crystalline
and amorphous phases in the semicrystalline stacks.

Since the expression is a quadratic, it yields two solu-
tions for �, i.e., one solution � with a value below 0.5
and the other solution 1 � � with a value above 0.5.
The thickness of the thinner layer is L1 � L� and that
of the thicker one is L2 � L�1 � ��. Here, linear
crystallinity �c

lin is defined as:

�c
lin � Lc/L � Lc/�Lc 	 La� (9)

when �c
lin is less than 0.5, L1 is Lc, and L2 is La. The

reverse is true when �c
lin is more than 0.5. When the

whole volume is homogeneously filled with lamellar
stacks, �c

lin equals to the bulk crystallinity, �c, when
the sample is not homogeneously filled, �c

lin is larger
than �c. The value of �c is assumed as the mass
crystallinity and estimated from the melting enthalpy
by the DSC measurement; however, this method is the
unreliable for linear crystallinities in the range from
roughly 0.3 to 0.7. For PCL blend systems, it is widely
accepted that the crystal phase is assigned to the
thicker length.33–36 Furthermore, for a similar blend
system (PCL/4,4�-thiodiphenol), it has been indicated
that, if L1 is assigned to Lc, the linear crystallinity is
smaller than bulky crystallinity, which has no physical
significance.37 So, it is reasonable to assign L1 to La and
L2 to Lc. In Table IV are listed the detailed lamellar
parameters calculated with the one-dimensional cor-
relation function for neat PCL and PCL/PDHDPE
blends isothermally crystallized at 25°C. With increas-
ing the content of PDHDPE, the values of L and Lc

increase while that of La keeps almost constant. It
suggests that the increase of L is induced by the in-
crease of Lc, and the PCL/PDHDPE blends contain
thicker lamellar than that of neat PCL.

Usually, the thicker crystal phase would induce the
higher melting temperature of a polymer. Although
the crystal phase becomes thicker with the addition of
PDHDPE, the melting temperature shows contrary

Figure 8 Graphical representation of one-dimensional cor-
relation functions for neat PCL isothermally crystallized at
25°C.

Figure 7 Lorentz-corrected SAXS intensities of PCL/PDH-
DPE blends isothermally crystallized at 25°C. (▫) PCL, (Œ)
PCL-5PDHDPE and (F) PCL-10PDHDPE.
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tendency, that is, the melting temperature decreases. It
is explained that the melting temperature of PCL in
the blend depends not only on the crystal thickness
but also on the perfection of crystal phase. With the
addition of PDHDPE into PCL, the perfection of crys-
tal phase is reduced, which would decrease the melt-
ing temperature of PCL. Therefore, the thicker crystal
phase does not induce higher melting temperature
consequentially.

Thermogravimetric analysis of PCL/PDHDPE
blends

TG measurements are carried out under nitrogen for
the normal samples (not thermally treated) and
treated samples (thermally treated at 200°C for 5 h in
a vacuum oven). Here, a temperature, at which the
weight loss of sample is 5% measured by TG, is de-
fined as thermal degradation temperature, Td. In Fig-
ure 9 are shown the TG traces of (A) PCL, (B) PCL-
40PDHDPE, and (C) PDHDPE samples, which are
thermally treated or not treated. The two curves of
neat PCL are almost overlapped, which suggest that
thermal treatment would not produce obvious ther-
mal degradation, since the Td of neat PCL sample is
above 350°C.38 To neat PDHDPE, its Td is found to be
about 250°C, which may be due to the evaporation
and/or evolution of low-molecular-weight com-
pounds. When PCL/PDHDPE blends are thermally
treated, the Td increases from 250 to 310°C for neat
PDHDPE, while the Td increases from 323 to 344°C for
PCL-40PDHDPE, the value of which is very close to
that of neat PCL. It is concluded that the thermal
treatment can effectively modify the thermal stability
of PCL/PDHDPE blends.

It is known that conventional phenol resins (no-
volak and resol) have hydroxymethyl groups in the
side chain, which involve the crosslinking reaction by
a thermal treatment.39 It is also reported that PVPh is
subjected to thermal curing; however, the reaction
mechanism is not clear yet. The crosslinking probably

proceeds via the formation of phenoxy radicals, fol-
lowed by an intermolecular radical coupling, or
through the intermolecular dehydration of phenolic
group.40,41 It is thought that the thermal treatment
make PDHDPE crosslinked, since the chemical struc-
ture of PDHDPE has some similar characteristics with
those of novolak, resol, and PVPh. The measurement
on the solubility of PDHDPE before and after thermal
treatment confirms the assumption. PDHDPE is com-
pletely soluble in 1,4-dioxane, while the ratio of the
dioxane-soluble part of the thermally treated PDH-
DPE is 22.4%. It is suggested that the thermal treat-
ment induce an intermolecular coupling of the poly-
mer to give crosslinked and/or branched products.

Figure 9 TG curves of PCL, PDHDPE, and their blends (A)
PCL, (B) PCL-40PDHDPE, and (C) PDHDPE at a scanning
rate of 5°C min�1.

TABLE IV
The Lamellar Parameters Calculated with the One-

Dimensional Correlation Function
PCL/PDHDPE Blendsa

Sample L/nmb La/nmc Lc/nm

PCL 14.0 6.1 7.9
PCL-5PDHDPE 14.1 6 8.1
PCL-10PDHDPE 14.7 6.1 8.6

aIsothermally crystallized at 25°C for two weeks.
bThe first maximum in 
(r) corresponding to the average

long period L.
cUsing the quadratic r � �(1 � �)L to get two solutions,

� and 1 � � (��0.5). L� equals to the average crystalline
thickness Lc and L(1 � �) equals to the average amorphous
thickness La.

158 LI ET AL.



Mechanical properties of PCL/PDHDPE blends

The mechanical properties of PCL and its blends with
PDHDPE are measured by tensile test and evaluated
from the stress–strain curves. A stress–strain curve of
PCL is shown as an example in Figure 10 to indicate
the calculation of maximum strength (max), elonga-
tion at break (�b), and Young’s modulus (E). The re-
sults are presented in Table V.

It is obvious that the PCL, as well known, is a
ductile polymer with significantly large �b and able to
undergo large deformations. Unfortunately, it pos-
sesses a relatively low modulus, which renders its
applications in wider fields where a high rigidity is
required. As the DSC measurement indicates, the
amorphous PDHDPE acts as a physical crosslinking
agent in the PCL phase and the E of the blends can be
improved significantly from 212 MPa (neat PCL) to
276 MPa (PCL-40PDHDPE) as shown in the Table V.
Even though as a consequence other mechanical pa-
rameters like max and �b are reduced, the blends have
acceptable mechanical properties with respect to neat
PCL.

CONCLUSIONS

A systematic study of the thermal behavior and phase
morphology on the PCL/PDHDPE blends has been
performed. It is found that the blends are miscible
with the introduction of intermolecular hydrogen-
bonding interaction, and the crystallization behavior
of PCL in the blends is strongly influenced by the
blend composition and the crystallization tempera-
ture. With the content of PDHDPE increasing, the long
period of the blends increases due to the increase of
crystal thickness. Thermal treatment can effectively
improve the thermal stability of PDHDPE/PCL
blends with the introduction of an intermolecular cou-
pling of the polymer to give crosslinked and/or
branched products. Furthermore, the addition of
PDHDPE rather than its monomer DHDPE would not

lose the good mechanical properties of PCL; on the
contrary, the Young’s modulus of PCL increases ob-
viously. It is concluded that, with the introduction of
hydrogen-bonding interaction, enzymatically poly-
merized polyphenol PDHDPE can effectively modify
the properties of PCL.
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