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I. INTRODUCTION

In this work, we aim to explore the thermally induced exchanges
of various kinds of hydrogen bonding interactions (HBs) induced
in a heating process of poly(3-hydroxybutyrate) (PHB) and poly-
(4-vinylphenol) (PVPh) blends by using Flourier transform infra-
red (FTIR) spectroscopy. The blends have various kinds of HBs,
intramolecular HBs within PHB (intra PHB) and within PVPh
(intra PVPh) and intermolecular HBs between PHB and PVPh
(inter). These HBs depend on the composition of the blends as
specified by the weight fraction of PVPh (wPVPh) and temperature
(T). Moreover, exchanges among various HBs, induced in the
heating process of the blends via dissociations and associations of
HBs, provide the key information on basic physics underlying cold
crystallization and melting behaviors of the blends and hence on
evolutions of their phase structures composed of amorphous and
crystalline phases.

It has been well know that PHB, a biosynthesized aliphatic
polyester, is useful to develop biodegradable, biocompatible, and
environment-friendly materials.1-6 PHB has been used as a main
component polymer to be blended with various synthetic and
natural polymers to produce biodegradable plastics as reported
by a great number of papers.7-14 Consequently, we shall not
repeat these points in this paper. However, we would like to
emphasize here that it is crucial to gain deep understandings of
physical networks formed in the PHB-based polymer blends

mediated by the intramolecular and intermolecular HBs and
changes of them with T.

The HBs in PHB and PVPh blends have been well explored.
PHB itself has a weak intra PHB (CdO 3 3 3H-C) within lamellar
crystals between the CdO groups and one of the C-H groups in
CH3 side groups of PHB chains, as will be shown later in Figure 10,
giving rise to the characteristic CdO stretching band at 1723 cm-1

and at 3446 cm-1 (the first overtone of the 1723 cm-1 band) and
C-H stretching band at 3009 cm-1,15-20 designated hereafter as
intraCdO and intraC-H, respectively. PVPh itself has two kinds
of intra PVPh: the so-called self-associated OH between the OH
groups and π-associated OH between the phenyl groups and OH
groups,20 giving rise to the characteristic OH stretching bands at
3380 and 3535 cm-1, designated hereafter as self-OH and π-OH,
respectively. The characteristic IR bands due to inter appear at
1713 cm-1 in the CdO stretching band region and 3460 cm-1 in
the OH stretching band region, designated hereafter as inter CdO
and interOH, respectively. In addition to these intra and interHBs,
there are the bands assigned to the free CdO groups of PHB at
1740 cm-1 in amorphous phase or melt19,20 and the free OH
groups of PVPh at 3600 cm-1,20 designated hereafter as freeCdO
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ABSTRACT: Effects of various hydrogen bondings (HBs) and ther-
mally induced exchanges of them on cold crystallization and melting of
poly(3-hydroxybutyrate) (PHB) and poly(4-vinylphenol) (PVPh)
blends were explored as a function of the PVPh weight fraction
(wPVPh) by using Fourier transform infrared spectroscopy. The HBs
investigated in this work include intramolecular HBs within PHB
crystals (intra PHB) as observed in the CdO and CH stretching band
regions, intramolecular HBs within PVPh (intra PVPh) as observed in the OH stretching band region, and intermolecular HBs
(inter) between the CdO groups of PHB in amorphous phase and the OH groups of PVPh. The results elucidated the following
pieces of evidence. (i) Inter and intra PVPh suppress the rate of the crystallization and hence the crystallinity of PHB crystals in the
blend via formation of physical cross-links in PHB and PVPh chains in the amorphous phase or melt. The crystallization andmelting
occur in two steps: (ii) the crystallization involves the dissociation of inter and intra PVPh, followed by the association of intra PHB
and the reassociation of intra PVPh; (iii) the melting involves the dissociation of intra PHB, followed by the association of inter. (iv)
Among CdO groups of PHB in the melt blends existing in either free CdO or inter, the fraction of inter linearly increases with
wPVPh, which in turn suppresses the PHB crystallinity under given crystallization conditions to a greater extent due to an increased
number of physical cross-links and hence due to the suppressed crystallization rate.
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and free OH, respectively, as shown in Scheme 1. Thermally
induced exchanges of these HBs shown in Scheme 1 will be
discussed in detail later in section III-5. Although the assignment
of these IR bands are well established, changes of these bands with
T, especially the cooperative changes of them, and their effects on
the phase structures of the blends have been almost unexplored yet,
despite the fact that the explorations are one of the most important
research themes inmacromolecular science, except for a few reports
to be introduced below.

Sato et al.15,21,22 reported the temperature dependence of
FTIR and wide-angle X-ray diffraction (WAXD) to prove intra
PHB in pure PHB and PHB-based copolymers. Iriondo et al.23,24

reported the equilibrium constant as a function of T for inter, in
the cooling process of PHB/PVPh blends under the special
condition where no crystallization occurs, as well as the phase
diagrams predicated from the IR studies. Xing et al.7 reported the
cold crystallization of PHB/PVPh blends with small wPVPh and
the depression of the equilibrium melting points with wPVPh by
using DSC. There are also some reports on the miscibility and
crystallization kinetics of PHB-based polymer blends and PHB
based copolymers as observed by DSC and FTIR25-29 and
interlamellar or interfibrillar segregation of the noncrystallizable
polymer components by small-angle X-ray scattering.9,11,30

Some important abbreviations used throughout the paper are
listed in Table 1 for the sake of convenience.

II. EXPERIMENTAL SECTION

II-1. Materials and Sample Preparation Procedures. PHB,
which is semicrystalline with number-averaged molecular weight Mn =
6.5 � 105, was obtained from the Procter & Gamble Corp., Cincinnati,
OH. PVPh, which is amorphous with weight-averaged molecular weight

Mw = 8.0� 103, was provided by Aldrich Chemical Corp., Inc. PHB and
PVPh were separately dissolved in chloroform and 2-butanone to
prepare homogeneous solutions having concentrations of 1 and 4 wt %,
respectively. The two solutions were then mixed into a homogeneous
solution and cast on CaF2 and Cu substrates at 80 �C for FTIR and
WAXD measurements, respectively. The cast films were kept in a
vacuum oven at 60 �C for 24 hs to completely evaporate the solvent
and then cooled down to room temperature. The samples thus prepared
were designated hereafter as “as-prepared” samples and held in the
vacuum oven at room temperature until they were used for the
measurements. For the sake of convenience, the PHB/PVPh blends
with different compositions are designated hereafter as “PX” where P
stands for PHB and X stands for weight percentage of PHB (wPHB) in
the blends; for example, P100 means pure PHB and P50 means a PHB/
PVPh blend with wPHB = 50 wt %.
II-2. FTIR Spectroscopy. The transmission FTIR spectra were

measured as a function T during the heating process of the as-prepared
samples, the detail process of which will be described below, using a
Thermo Nicolet NEXUS 870 Fourier transform IR spectrometer
(Waltham, MA) equipped with a liquid-nitrogen-cooled mercury-
cadmium-telluride detector. A total of 256 scans were accumulated
for a signal-averaging of each IR spectral measurement to ensure a high
signal-to-noise ratio with a 2 cm-1 resolution. The CN4400, OMEGA
thermoelectric device (Boulder, CO) was used as a temperature con-
troller with an accuracy (0.1 �C. The sample temperatures were
stepwisely raised with an increment of 10 �C at a rate of 2.5 �C/min
and kept at each temperature for 5 min before the IR measurement for 4
min. This process was repeated through the whole heating process from
30 to 190 �C. The average heating rate is ∼0.7 �C/min.
II-3. WAXD. WAXD patterns were measured as a function of T

during the same heating process of the as-prepared samples as described
above in the diffraction angle range of 2θ = 10-30� by using a Rigaku
RINT2000 X-ray diffractometer (Tokyo, Japan) with CuKR radiation
(wavelength, 1.54 Å) and with an X-ray generator of power 50 kV and
40mA. TheWAXDpatterns of the blends were recorded as a function of
wPVPh at a scanning rate of 2θ = 0.5�/min.

III. RESULTS AND DISCUSSION

III-1. Temperature-Dependent WAXD. PHB is a kind of
semicrystalline polymer with orthorhombic crystal structure,
P212121-D

4
2 with lattice parameters a = 5.76 Å, b = 13.20 Å,

and c = 5.96 Å (fiber repeat distance), respectively, and the
crystals of PHB have intra PHB between the helices along the a

Scheme 1. Schematic Illustration of Thermally Induced
Exchanges of Intramolecular (within PHB and PVPh)
and Intermolecular Hydrogen Bondings (between PHB
and PVPh) in PHB/PVPh Blendsa

aKey: self-OH: the self-associated OH groups within PVPh. π-OH: the
association of OH groups and phenyl groups of PVPh. Intra (intraCdO
and intraCH): intramolecular hydrogen bonding between CdO groups
of PHB and one of the C-H groups in CH3 side groups of PHB. Inter
(inter CdO and inter OH): intermolecular hydrogen bonding between
CdO groups of PHB and OH groups of PVPh.

Table 1. List of Abbreviations

HB(s): hydrogen bonding(s)
intra PHB, intra PVPh: intramolecular HBs within PHB, PVPh

inter: intermolecular HBs between PHB and PVPh

intra X (X = CdO or CH): intramolecularly hydrogen-bonded (HBed)

CdO or CH groups within PHB

intra X band (X = CdO or CH): intramolecularly HBed CdO or CH band

self-OH, π-OH: HBs between OH groups, HBs between phenyl groups and

OH groups in PVPh

freeCdO, freeOH, freeCdO band, freeOH band: free CdO groups in PHB,

free OH groups in PVPh and their corresponding bands

inter CdO, inter OH, inter CdO band, inter OH band: intermolecularly

HBedCdOgroups in PHB andOH groups in PVPh and their corresponding

bands

fk (k = free, inter, intra): average fractions of CdO groups in a PHB chain

which are free from HBs, intermolecularly HBed with OH groups in PVPh,

and intramolecularly HBed with CH groups in PHB
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axis,18,19,21 aswill be shown later inFigure 10. In thepresent study,we
measured theWAXDpatterns for pure PHBandPHB/PVPhblends
as a function of T to estimate lattice parameters a = a(T) and b =
b(T) of PHB crystal in pure PHB and the blends. The WAXD
patterns of pure PHBandPHB/PVPhblends are shown inFigure S1
in the Supporting Information to display the peak shift of (020) and
(110) diffractions. Figure 1 shows Δa/a0 andΔb/b0 vs T, where a0
and b0 are the lattice parameters at a reference temperature T0 =
30 �C, and Δa and Δb are defined by Δa� a(T) - a0 and Δb�
b(T)- b0. It is noted in Figure 1 that the thermal expansion of a(T)
is much larger than that of b(T) for pure PHB and all the blends as
well. The same phenomenon was reported in our previous study for
neat PHB and this trendwas proposed to be due to the weakening of
the strength of intraCdOexisting in the PHB lamellar crystals along
the a axis with T.18,19,21 Our previous studies20 conducted at room
temperature as a function ofwPVPh also revealed that the blending of
PVPh yielded little change in the lattice parameters of PHB crystal
and that it depressed only the crystallinity of PHB.
The presentWAXD results shown in Figure 1 further elucidate

that the temperature dependence of the lattice parameters of
PHB crystal in the blends also is almost independent of wPVPh
and nearly equal to that for the neat PHB. These new results
imply that PHB crystals in the blends have the same crystal
structure and almost the same thermal behavior as those of the
PHB crystals in the neat PHB. It is also concluded that the
blended component of PVPh is excluded out of PHB crystals and
exists in the amorphous phase.
III-2. Temperature-Dependent FTIR Spectra in the CdO

Stretching Band Region. Parts a-d of Figure 2 display tem-
perature-dependent FTIR spectra (bottom) and their second
derivatives (top) in the CdO stretching band region of blends,
P100, P70, P30, and P20, respectively, measured over a tem-
perature range from 30 to 190 �C in the heating process of the as-
prepared specimens. The second derivatives suggest that there
are three major bands in the CdO stretching band region around
1740, 1723, and 1713 cm-1, which are due to free CdO, intra
CdO, and inter CdO, respectively, as previously discussed in
detail.20 These bands are defined hereafter as the freeCdO, intra
CdO, and inter CdO bands. Since the inter CdO band at
1713 cm-1 for P70 is not clearly seen in the second derivative
spectra shown in Figure 2b, the corresponding part of the spectra

at 190 �C is enlarged and shown in the inset of Figure 2b. For P100
and P70 shown in Figure 2, parts a and b, respectively, the intensity
of the intraCdO band around 1723 cm-1 slightly decreased with
T beforemelting and then sharply decreased duringmelting, with a
further increase of T. On the contrary, the intensity of the free
CdOband around 1740 cm-1 almost kept constant withT before
melting and then sharply increased during melting.
The temperature dependence as described above is more

clearly shown in Figure 3, parts a and b, where the absorbance
at 1723 (A1723) and 1740 cm

-1 (A1740) are plotted as a function
of T. For P30 as shown in Figure 2c and Figure 3c, however, the
intra CdO band around 1723 cm-1 showed an increasing
intensity with T before melting in the temperature range from
110 to 160 �C, due to the cold crystallization. With a further
increase of T, the intensity of the intra CdO band sharply
decreased due to melting. On the contrary, the inter CdO band
around 1713 cm-1 showed only a decreasing intensity with T. In
the Figure 2d and Figure 3d, P20 showed a monotonous increase
and decrease of the absorbance of the free CdO band around
1740 cm-1 and the inter CdO band around 1723 cm-1,
respectively, during the whole heating process, indicating a
partial dissociation of inter with T. Besides, the intra CdO band
does not appear in the spectra, which is attributed to the fact that
PHB cannot be crystallized in this composition.
Xing et al.7 reported that only the blends P100-P70 quenched

from their melts show the cold crystallization process through
DSC measurements, which is different from our results that the
cold crystallization occurs only for P70-P30, as will be detailed
in conjunction with Figure 9. The above difference is clearly

Figure 1. Temperature dependences of (a) Δa/a0 and (b) Δb/b0 for
pure PHB and the blends. a0 and b0 are the lattice parameters at 30 �C,
and Δa (or Δb) is a difference between a(T) and a0 [or b(T) and b0].

Figure 2. Temperature-dependent IR spectra (bottom) and their
second derivatives (top) in the CdO stretching band region of (a)
P100, (b) P70, (c) P30, and (d) P20. The arrow with the wavenumber in
the unit of cm-1 indicates an overall trend of the absorbance change with
temperature: the upward arrow and downward arrow indicate a mono-
tonic increase and decrease of the absorbance with increasing tempera-
ture from 30 to 190 �C, respectively.
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attributed to the difference in the initial structure and the heating
rate (10 and 0.7 �C/min for their and our experiments, res-
pectively). Therefore, in this study, we further systematically
investigated the temperature-dependent variations of the “ele-
mental” CdO bands on our as-prepared samples, as will be
discussed later in section IV.
In parts b and c of Figure 2, when the intra CdO band around

1723 cm-1 totally vanishes, the spectra exhibited an asymmetrical
shape with a shoulder at a lower wavenumber around 1713 cm-1,
which is assigned to the interCdO band, suggesting the existence
of inter in the blends even above melting temperature. It is well-
known that formation of hydrogen bondings leads to change in the
absorbance-peak positions of both the acceptor and donor groups,
causing their wavenumber shifts. The degree of the shift depends
on the strength of the hydrogen bondings.31,32 It is noticed that
compared with the free CdO band around 1740 cm-1, the inter
CdOband around 1713 cm-1 shifts by 27 cm-1 toward the lower
wavenumber, which is larger than the shift of the intraCdO band
around 1723 cm-1 (17 cm-1). Therefore, it is reasonable to
speculate that the strength of inter is stronger than that of intra
PHB. If this is the case, the CdO groups of PHB in the blends
should prefer to form inter to intra. The speculation is supported at
least by a piece of evidence that inter exists, but intra does not exist
in melt, as seen in Figures 2 and 3.
However, the cold crystallization process of P30 requires the

exchange of the hydrogen bondings from inter to intra PHB,
which appears inconsistent with the speculation discussed above.
This inconsistency leads us to conclude that: (i) the free energy
reduction induced by the cold crystallization is larger than that
induced by formation of inter; (ii) the crystallization drives the
dissociation of inter and then segregation of the dissociated PHB
chains having the free CdO groups into chain-folded lamellar
crystals, hence causing the exchange from inter to freeCdO; (iii)
finally the chain folded-lamellar crystals achieve their perfection
and stabilization by forming intraCdOwithin the lamella, hence
causing the exchange from free CdO to intra CdO, as will be
discussed later in more detail in conjunction with Figure 11.
A1723 for P100 has a finite value above the melting temperature
Tmc (∼185 �C) and A1723 for P70 and P30 show an upturn with
increasing T above Tmc (∼175 and 170 �C, respectively). This

will be clarified later in section IV to be an artifact brought about
by a superposition of the spectrum with a peak at around
1713 cm-1 after the quantitative analysis of the spectra shown
in Figure 2.
III-3. Temperature-Dependent FTIR Spectra in the CH3

Asymmetric Stretching Band Region. Figure 4 displays tem-
perature-dependent FTIR spectra in the CH3 asymmetric
stretching band region (3020-2950 cm-1) for P100, P70,
P30, and P20 measured in the heating process from 30 to
190 �C. Figure 5 shows the second derivatives of P100, P70,
and P30 in parts a-c, respectively. In these figures, the spectra
and second derivatives atT = 30 (initial one) and 190 �C (molten
one) are drawn by the blue line and red line, respectively. Since
temperature dependence of the spectra for P30 is more compli-
cated than those of P100 and P70, the second derivative spectra
of P30 were vertical shifted.
In the case of neat PHB, the bands in the 3015-2960 cm-1

region are assigned to CH3 asymmetric stretching modes.33 The
intensity of the band at around 2984 cm-1 increases withT as speci-
fied by the upward arrow, which is assigned to the stretching mode
in the amorphous phase (designated hereafter as free C-H).15

While the bands at around 2997, 2975, and 2967 cm-1, whose
intensities decreasewithT as indicated by the downward arrows, are
assigned to the mode in the PHB crystals.15 At high temperatures,
these crystalline bands disappear due to melting, and the spectra
only represent the amorphous spectra as shown by the red lines at
190 �C. In parts a and b of Figure 4, the spectra show a shoulder at
an unusually high wavenumber around 3009 cm-1 due to the stret-
ching mode of one of the three C-H bonds of CH3 side groups of
PHB weakly hydrogen-bonded with the CdO groups of PHB
(designated hereafter as intra CH),15 which can be confirmed also
by the second derivatives shown in Figure 5, parts a and b. More-
over, the lower wavenumber shift of the intra CH band with T, as
shown in Figure 5, parts a and b, reflects a decreasing strength of the
intra PHB with T.15 Although the intensity of this band apparently

Figure 3. Temperature dependence of the apparent absorbance A1713

(green-2-), A1723 (red-b-), and A1740 (-9-) at 1713, 1723, and
1740 cm-1, respectively.

Figure 4. Temperature-dependent IR spectral variations in the CH
stretching band region of (a) P100, (b) P70, (c) P30, and (d) P20 (blue
line, 30 �C; red line, 190 �C). The upward and downward arrows with
wavenumber in cm-1 have the same meaning as those in Figure 2.
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increases with T, it actually appears to decrease after subtracting an
increasing contribution of the amorphous band with T. Compared
with other bands in this region, the band around 3009 cm-1 is weak
and overlapped by the adjacent bands, so that wewill not discuss the
intensity variation of the intra C-H band with T.
For P30, even though the crystalline bands cannot be distinctly

found in the original spectra as shown in Figure 4c, their second
derivatives showed them around 3009, 2997, 2975, and 2967 cm-1

as shown in Figure 5c. We found that: these bands show almost no
change from 30 to 90 �C and only small changes from 180 to
190 �C; interestingly enough, a significant change in the tempera-
ture range from 110 to 170 �C. The change in the spectra in the
temperature range of 110 to 170 �C for each band at 3009, 2997,
2975, or 2967 cm-1 have almost the same trend. With increasing
temperature, the second derivatives exhibited increasingly negative
from 110 to 150 �C, the negative values decreased slightly from 150
to 160 �C and rapidly decreased from 160 to 170 �C. These
changes described above imply that the relevant absorbance peaks
are expected to increase or become sharp with increasing T from
110 to 150 �C; then the increase is expected to slow down and to
turn to a decrease atTg 160 �C; and finally the peaks are expected
to decrease with T. The trend observed here are in a perfect
agreement with that observed in Figure 3c for the intraCdO band
of P30, hence attributable to cold crystallization from110 to 150 �C
and crystal melting from 150 to ∼170 �C.
For P20 as shown in Figure 4d, those characteristic crystalline

bands as described above did not appear at all, and the spectra
and their second derivatives gave only the amorphous ones
during the whole heating process. Therefore, as the T is raised,

P20 remained in a totally amorphous phase, although P30
underwent the cold crystallization and melting.
The shifts of the peak wavenumber for the crystalline intra CH

band around 3009 cm-1 with T for pure PHB and the blends were
calculated by using the third derivatives of the spectra to eliminate
errors due to a finite resolution on FTIR spectra15,18 and plotted as
a function of T and wPVPh. The plots, shown in Figure S2 in the
Supporting Information, indicated that: the blend P90, P80, P70,
P60, and P50 exhibited a similar shift with T; the band shift for all
these blends is also similar to that for the neat PHB; the band shifts
monotonously toward a lower wavenumber from ∼3009 to
∼3006 cm-1 with increasing T from 30 to 170 �C. The results
reveal that the decrease in the strength of intraCHwith T is nearly
independent of the blending composition. Therefore, we found
that the pure PHBand the blends P90 to P50 form the PHBcrystals
having almost the same structure and thermal behavior. These
results are consistent with those of temperature-dependentWAXD
as discussed earlier in conjunction with Figure 1.
III-4. Temperature-Dependent FTIR Spectra in the OH

Stretching Band Region. Parts a and b of Figure 6 present
temperature-dependent FTIR spectra and their second derivatives
in the OH stretching band region for P50, respectively. The
corresponding spectra of pure PVPh are shown in Figure 6, parts
c and d. For pure PVPh, the intensity of a broad band around
3380 cm-1, which is assigned to the self-associated OH groups
(HBs between theOHgroups of PVPh, designated hereafter as self-
OH),20 decreases as shown in Figure 6c and the peak shifts to a
higher wavenumber with T as shown by the broken line, indicating
the decreasing strength and increasing dissociation of self-OH of
PVPh with T. These pieces of evidence indicate the fact that this
HB is also a weak HB. The band around 3535 cm-1 is assigned to
the π-associated OH groups20 (HBs between the OH groups and
phenyl groups of PVPh, designated hereafter as π-OH). This band
shows almost no peak shift and no peak intensity change, indicating
that the association strength is essentially unaltered and less
dissociation with T in comparison with self-OH.

Figure 5. Second derivatives spectra of P100 (a) and P70 (b), and P30
(c) in different temperature region: 30-90 �C, 110-170 �C, and
180-190 �C, respectively. In part c, each profile at a given temperature
(e.g., 160 �C) was vertically shifted upward by 0.01 relative to the profile
measured at the next lower temperature (e.g., 150 �C). The profile at
110 �C was not vertically shifted. The upward and downward arrows
have the same meaning as those in Figure 2 and Figure 4, while the
horizontal arrow directed toward the right direction illustrates a red shift
of the peak wavenumber.

Figure 6. Temperature-dependent IR spectra (a) P50 and (c) P0 in the
OH stretching region and their second derivatives (b) and (d),
respectively.
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It is noted, however, that there is a slight increase in the
intensity of the π-OH band (Aπ-OH) with T, though the intensity
increase is small compared with the decrease of the intensity of
the self-OH band (Aself-OH), as shown in Figure 7. Consequently,
we may conclude that π-OH is stronger and more stable with T
than self-OH. Therefore, for pure PVPh, a part of the self-
associated OH groups dissociates and transforms into the π-
associated OH groups during the heating process, which tends to
decrease and increaseAself-OH andAπ-OH, respectively (Figure 7).
This increase of the intensity Aπ-OH at 3535 cm-1 will be
counterbalanced against the decrease of the intensity due to an
intrinsic decrease of the association density of π-OH as a
consequence of a deceasing ΔEπ-OH/(kBT) with increasing T
in the context of the Boltzmann statistics; a relative concentra-
tion of π-OH, [π-OH], and free-OH, [free-OH], is given by [π-
OH]/[free-OH] ∼ exp[ΔEπ-OH/(kBT)], where ΔEπ-OH � Efree,
OH - Eπ-OH with Efree,OH and Eπ-OH being energy of free-OH and
π-OH, respectively. The dissociation of self-OH and π-OH
transform into free OH. However, the free OH band around
3600 cm-1 is barely visible in the original FTIR spectra but can
be confirmed only by the second derivatives. Thus, it is difficult to
evaluate the increase of [free-OH].
In comparison with the results obtained for pure PVPh, P50

shows two more bands around 3460 and 3446 cm-1 as shown in
Figure 6, parts a and b, which are respectively assigned to the
stretching mode of the intermolecular hydrogen-bonded OH
groups of PVPhwith the CdOgroups of PHB designated as inter
OH and the first overtone of intra CdO.20 The existence of the
interOHband of PVPh at all temperatures and the disappearance
of the first overtone of the intra CdO band of PHB above
melting temperature Tmc (Tmc > 165 �C) further indicate that
inter is thermally more stable and stronger than intra, which is
consistent with the results found on the temperature-dependent
FTIR spectra in the CdO stretching band region.
It is clearly shown in Figure 6b that the bands around 3446 and

3380 cm-1, assigned to the first overtone of the intraCdO band
and the self-OH band, respectively, disappear almost synchro-
nously with the melting process. Above melting temperature
(Tmc > 165 �C), we can observe only free OH, π-OH, and inter
OH bands around 3600, 3535, and 3460 cm-1, respectively.
Therefore, it is expected that the OH groups of PVPh can more
efficiently encounter the CdOgroups of PHB to form interwhen
PHB is brought into a molten state.
III-5. Summary of Various Intramolecular and Intermole-

cular HBs as a Function of Temperature. At this stage, let us
summarize thermally induced exchanges of intra HBs within

PHB and PVPh and interHBs between PHB and PVPh of the as-
prepared samples. Scheme 1 presents the summary. In neat
PVPh, there are two kinds of intra HBs of self-OH and π-OH.
They dissociate into free OH with increasing T [process (a) and
(b)]. A part of free OH formed by the dissociation of self-OH
reassociates to form π-OH [process (c)], hence involving an
exchange of the weakHBs of self-OH intoπ-OH.Upon decreasing
T from 190 �C, freeOHgroups are associated intoπ-OH (process
c) and self-OH (process d). In neat PHB, there are CdO 3 3 3H-C
intraHBswithin the chain-folded lamellar crystals. They dissociate
into free CdO upon melting [process (e)] and associate upon
crystallization [process (f)]. Intra is weak so that it exists only in
the crystals, stabilizing the crystals.
Upon heating the as-prepared samples, the cold crystallization

starts to occur for some blends. However, the crystallization is
suppressed and/or slowed down at least by inter, π-OH, self-OH,
because they form physically cross-linked networks between
PHB and PVPh chains and between PVPh chains themselves
as schematically shown in Figure 8. The crystallization is
expected to involve dissociations of some of the physical cross-
links, because the driving force for the crystallization is larger
than the driving force for the associations of inter, self-OH, and
π-OH. Hence, it must involve exchanges of the HBs between
inter and intra PHB, between π-OH and intra PHB, and between
self-OH and intra PHB. The melting must involve the dissocia-
tions of intra PHB and reassociations of inter, self-OH, andπ-OH,
hence involving the exchanges between intra PHB and inter,
between intraPHB and self-OH, and between intraPHB andπ-OH.
In the blends having a large value of wPVPh, e.g., P20, a given

PHB chain is expected to be effectively neighbored by a larger
number of PVPh chains as schematically shown in Figure 8b
relative to the case shown in Figure 8a for P50. Hence we can
predict an important effect that a given PHB chain in the blends is
physically cross-linked more firmly by a larger numbers of inter.
This effect must suppress mobility and crystallization rate of the
PHB chain and prevent the PHB chains from crystallization. This
effect is important also for amiscibility enhancement of the blends.

IV. QUANTITATIVE ANALYSES OF TEMPERATURE DE-
PENDENCE OF CdO STRETCHING VIBRATION BANDS
IN RELATION TO PHASE STRUCTURE OF THE BLENDS

The IR spectra in the CdO stretching vibration region in the
blends have been found to consist of the three elemental spectra,
freeCdO, intraCdO, and interCdO. Therefore, the previously

Figure 7. Plot of the peak intensity ofπ-OH (Aπ-OH) and self-OH (Aself-

OH), and the peak position of self-OH (with 2 cm-1 error) as a function
of temperature for pure PVPh.

Figure 8. Schematic illustration of physical cross-linkings of PHB and
PVPh chains in (a) P50 and (b) P20 blends with two kinds of cross-links,
inter (b) and π-OH or self-OH (O). The two PHB chains B1 and B2 in
part a were replaced by the two PVPh chains V1 and V2 in part b.
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established procedure was employed to decompose the net
spectra into the elemental spectra around 1740 (free), 1723
(intra), and 1713 cm-1 (inter), respectively.20 The reconstructed
spectra obtained by summing up of the elemental spectra were
found to agree with the observed net spectra as shown in Figure
S3 in the Supporting Information.

The average fractions of free CdO, intra CdO, and inter
CdO per PHB chain, respectively defined as ffree, fintra, and finter,
were calculated on the basis of the Lambert-Beer law

fk ¼ ðAk=εkÞ=∑
k
ðAk=εkÞ ð1Þ

where Ak and εk are the absorbance and absorption coefficient of
the kth elemental spectrum (k = free, intra, and inter). We used
the reported value23,24,34 of γ � εinter/εfree = εinter/εintra = 1.5
applicable to the case of PVPh/polyester blend systems. The
temperature-dependent variations of ffree, fintra, and finter for the
blends with different wPVPhs are plotted in Figure 9.

Let us first discuss the simplest case for P100 and P20,
where the spectra are composed of only two elemental
spectra: free and intra for P100; free and inter for P20. P100
shows (i) almost constant values of fintra and ffree, fintra ∼ 0.5
and ffree∼ 0.5, with T at T < Tms∼ 165 �C (Tms being defined
as the temperature above which melting starts to occur) and
(ii) a decrease of fintra from 0.5 to 0 and an increase of ffree from
0.5 to 1 in the melting process of Tms < T < Tmc∼ 180 �C (Tmc

being defined as the temperature above which melting com-
pletes). The temperature Tms and Tmc as evaluated from fintra
vs T are listed in Table 2. Thus, under the given thermal
history, CdO groups in the neat PHB has the equal fraction of

free and intra which are stable at T < Tms. On the other hand,
P20 shows the almost constant values of finter and ffree, finter ∼
0.7 and ffree ∼ 0.3, with T at T < Tg ∼ 90 �C, where Tg is the
glass transition temperature of the blends, and then starts to
decrease and increase toward 0.5, respectively, which is
attributed to the dissociation of inter at T > Tg due to the
decreasing effective strength of inter with T.35 This means that
about half of the CdO groups of PHB forms inter and another
half remains free in the blend at 190 �C. The fractions of finter∼
0.7 and ffree ∼ 0.3 in the initial stage of the heating process
should depend on the thermal history of the as-prepared
samples.

For P90-P30, the variations of finter, fintra, and ffree with T are
more complicated and will be systemically discussed as follows.
We can classify these blends into the following two groups: (1)
P90 and P80 which did not exhibit clearly the cold crystallization
and (2) P70-P30 which showed the cold crystallization as
evidenced by increasing fintra with T > Tcc, where Tcc is the onset
temperature for the cold crystallization as shown also in Table 2,
above which fintra starts to increase. For a systematic description
of the trend concerning temperature-dependent variations of
finter, fintra, and ffree for P90 to P30, we can further classify their
temperature variations into the following three temperature regions;
(a) T < Tms, (b) Tms < T < Tmc, and (c) T > Tmc. The
temperature Tms and Tmc, which are indicated by the vertical
broken lines in Figure 9, slightly depend on the blend composi-
tion as summarized in Table 2.

Let us first discuss the trend in the temperature region (a) at T
< Tms. The blends of P90 and P80 in group (1) show decreasing
fintra and increasing ffree, but almost constant finter with T,
indicating that free formed by the dissociation of intra, as
evidenced by the decrease of fintra, are trapped within the lamellar
crystals and hence stabilized by the crystals, so that these free

Figure 9. Temperature-dependent variations of average fractions of the
free (-9-), intra (red -b-) and inter (blue -2-) CdO groups
(ffree, fintra, and finter with ffree þ fintra þ finter = 1) per PHB chain in the
PHB/PVPh blends in the heating process.

Table 2. Composition Dependence of the Temperature Tms

for the Onset of the Melting and the Temperature Tmc for the
Completion of the Melting and the Temperature Tcc for the
Onset of the Cold Crystallization

P100 P90 P80 P70 P60 P50 P40 P30

Tms (�C) 165 165 160 150 150 140 150 150

Tmc (�C) 185 180 180 175 175 170 175 170

Tcc (�C) — — — 90 90 90 90 100

Figure 10. Sketch of broken intra which is trapped in the lamellar
crystal for P90 and P80 during heating process below Tms (part a). The
dotted lines in part (a) schematically illustrate intra (CdO 3 3 3H-O)
formed along the a-axis of the crystal between CdO groups in one
helical chain and C-H groups in CH3 side groups in the adjacent helical
chain, as shown in the inset (part b).
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cannot be transformed into inter as sketched in Figure 10. It is
interesting to note that the breakage of intra progressively occurs
from the low temperature, which is expected to cause a larger
thermal expansion along a-axis than b-axis as shown in Figure 1
and which seems to reflect the weak HB nature.

For the blends of P70-P30 in group (2), the cold crystal-
lization occurs, resulting in the increasing fintra and decreasing
finter at T > Tcc to reach the maximum and minimum values at
Tms, respectively. In contrast to the temperature-dependent
variation of fintra and finter as described above, the variation of
ffree is more complex and intriguing. The ffree starts to increase
to a maximum value at Tmax,free and then decrease with
temperature before reaching the value at Tms where Tmax,free

is ∼100 �C for P70, ∼90 �C for P60 to P40, and ∼110 �C for
P30, as indicated by the arrows in Figure 9. It is intriguing to
note that Tmax,free ∼ Tcc. This trend may imply the following
sequence of the exchange in the hydrogen bonding interac-
tions upon increasing T. (1) Inter first dissociates as sketched
in the change from part a to part b in Figure 11 (process 1),
which decreases finter and increases ffree. (2) Then nucleation
of the growth of PHB chains into chain-folded lamellar
crystals occurs via segregation of PVPh chains from the
PHB crystals as sketched in the change from part b to part c
in Figure 11 (process 2). (3) Finally, PHB lamellar crystals are
stabilized and brought into higher orders (or perfection) by
formation of intra as sketched in the change from part c to part
d in Figure 11 (process 3). This process is expected to cause
the decrease of ffree and the increase of fintra. Process 1 explains
the concurrent increase of ffree and decrease of finter, while
process 3 explains the simultaneous decrease of ffree and
increase of fintra. The finter tends to decrease and ffree reaches
the maximum at Tmax,free through these processes (1) to (3).
The fact that the increase of ffree and the decrease of finter with
T occur in advance of the increase of fintra with T supports the
two-step crystallization model proposed in Figure 11: the first
step comprises processes 1 and 2, while the second step
comprises process 3. The detailed variations of finter, fintra,
and ffree with T depend on the initial state of the blends
brought about by the sample preparation process and the
blend composition. The fact that Tmax,free for P30 is higher
than those for P70 to P40 may be due to formation of intra
occurring at higher temperature for P30 than for P70 to
P40. This in turn suggests that the cold crystallization for
P30 occurs at a higher temperature than those for P70 to P40,
because of the suppressed mobility of PHB for P30 due to the
enhanced physical cross-links as envisioned in Figure 8b.

Now let us next discuss the trend in temperature region (c)
at T > Tmc before discussing the melting process in the
temperature of region (b) at Tms e T e Tmc. It is natural
that fintra = 0 after the completion of melting as intra is the
weak HB. It is quite intriguing to note that ffree and finter
decrease and increase respectively with wPVPh at 190 �C, as
shown in Figure 12. This means that the average fraction of
CdO groups forming inter per single PHB chain increases
with wPVPh at the expense of free. This fact seems to be
reasonable, because the frequency factor for CdO groups in
PHB to encounter the OH groups of PVPh increases with
wPVPh. This fact is very important for basic understanding of
crystallization rate of the blends. With increasing wPVPh, an
increasing number of CdO groups of PHB physically cross-
links with OH groups of PVPh via inter, which increasingly
suppresses the mobility of PHB chains and hence the crystal-
lization rate of PHB in the blend, giving rise to a suppressed
crystallinity with wPVPh under a given crystallization condition
of the blends. This fact also suggests an important implication
on the miscibility of the blends. The miscibility will increase
with wPVPh.

Finally let us discuss the trend in temperature region (b) at
Tms < T < Tmc. The trend in the melting process is common to
all the blends for P90 to P30. We highlight the trend in
Figure 13 where the melting process is shown for P90, P80,
P60, and P40 only as the representatives of P90 to P30. It is
intriguing to note that the melting process in between the two
vertical solid (green) lines is further classified into two
temperature regions designated by Tm1 and Tm2 across the
dotted (red) vertical line. In the lower temperature region

Figure 11. Sketches of structure changes for PHB/PVPh blends (P70, P60, P50, P40, and P30) during the cold crystallization process.

Figure 12. Plot of finter and ffree of PHB/PVPh blends at 190 �C as a
function of the PVPh composition.
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Tm1, fintra and ffree decreases and increases with T, respectively,
due to the onset of melting, while finter surprisingly remains
unaltered. In the higher temperature region Tm2, fintra and ffree
further decrease and increase with T, respectively, toward
completion of melting, while finter begins to change with T
according to the manner which depends on the blend compo-
sition: finter decreases for P90 and P80, but it increases for P60
and P40 as highlighted in Figure 13.

Interestingly enough, the decrease of crystallinity in Tm1

region as evidenced by the increase of ffree and decrease of fintra
dose not cause the change in inter. This means that the early
stage melting process of PHB lamellae forms partially molten
PHB chains which are trapped by neighboring lamellae as
sketched in the change from part a to part b in Figure 14, and
that the neighboring lamellar crystals effectively screen the
free CdO groups of molten PHB chains from the HB
interactions with OH groups of PVPh, as sketched in the
middle region of part b encompassed by the dotted green line
in Figure 14b. This kind of the partial melting offers a possible
interpretation for the unaltered finter in Tm1. As the melting of
PHB lamellae further proceeds, as sketched in the change from
part (b) to part (c) in Figure 14, the molten PHB chains are
now exposed to the interactions with PVPh chains as sketched
in Figure 14c, which causes the change in finter and a slowdown
in the increase of ffree with T, because of an expense of free to
form inter.

Whether finter increase or decrease with T during the
melting process in the temperature region Tm2 depends
simply on a relative value of finter before melting, and hence
the crystallization condition associated with the given thermal
history imposed on the as-prepared blends, and finter after
melting. For P90 and P80, most of PVPh chains can have a
possibility to form inter with PHB, because the fraction of
PHB in these blends are so high that even after the crystal-
lization, the fraction of the amorphous PHB chains can
exceed the fraction of PVPh chains. This situation occurs
independently of temperature, either below Tms or above Tmc.
However, as temperature is raised, the probability to form inter
decreases according to the Boltzmann statistics, which results
in decreasing finter with T as found in the experimental results.
On the other hand for P60 and P40, only a fraction of PVPh
chains can have a possibility to form inter with amorphous
PHB chains, because the amorphous fraction of PHB chains
can become smaller than the fraction of PVPh chains after the
PHB crystallization. Consequently, this factor causes finter
increase with T. Moreover, this factor outweighs the former

Figure 13. Temperature-dependent variations of the average fraction
of CdO groups per PHB chain which are in free (-9-), intra (red -
b-) and inter (blue-2-) (ffree, fintra and finter) for P90, P80, P60, and
P40 in the melting process in the temperature range between Tms

and Tmc.

Figure 14. Sketch of structure changes for PHB/PVPh blends during melting process. The PHB chains and PVPh chains in regions A1 and A2 in part
(a) schematically represent the amorphous chains in the interlamellar region and in the interfibrillar region, respectively.
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factor of the probability to form inter being decreased with T
according to the Boltzmann statistics, which accounts for the
experimental observations.

V. CONCLUSIONS

We elucidated the thermally induced exchanges of various
intramolecular and intermolecular hydrogen bondings (HBs) in
the heating process of the as-prepared blend films of PHB and
PVPh as summarized in Scheme 1. The crystallizable PHB chains
and noncrystallizable PVPh chains are found to be incorporated
in polymer networks formed by physical cross-linking points
composed of intermolecular HBs between the CdO groups of
PHB chains and the OH groups of PVPh chains (inter) and
intramolecular HBs within PVPh chains (defined as self-OH and
π-OH in the text).

The strength and number of physical cross-links were clarified
to more or less vary with temperature and composition of the
blends. The temperature-dependent variation of the physical
cross-links is intimately related to the thermally induced ex-
changes of the HBs. As for the composition variation of the
physical cross-links, we discovered the fact that the faction of
CdO groups of PHB which form inter with PVPh increases with
the weight fraction of PVPh (wPVPh) in the blends. Therefore,
PHB chains are more firmly linked to the polymer networks with
increasing wPVPh. This discovery leads us to conclude that the
miscibility of the blend is enhanced but the crystallization rate of
PHB in the blend is suppressed with increasing wPVPh. The later
conclusion on the crystallization was directly verified by the
experimental evidence of no crystallinity being observed for the
blend with wPVPh g 0.8.

We found the fact that both the crystallization and melting of
the blends occur in the following two-step process from the
viewpoint of the HBs exchanges. The crystallization involves the
dissociation of inter, followed by the transformation of the
dissociated CdO into the intramolecularly hydrogen-bonded
CdO with CH groups of PHB (intra PHB) within the lamellar
crystals, while melting involves the dissociation of intra PHB,
followed by the transformation of the dissociated free CdO
into inter.
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