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ABSTRACT: The hydrogen-bonding interactions and the crystallinity of biodegradable polymer poly-
(3-hydroxybutyrate) (PHB) blended with poly(4-vinylphenol) (PVPh) were studied on the as-cast films as a
function of the blend composition wPVPh by using Fourier-transform infrared spectroscopy, differential
scanning calorimetry, and wide-angle X-ray diffraction. The intermolecular hydrogen bondings between the
CdO groups of PHB and the OH groups of PVPh (designated as inter) were explored not only in CdO
stretching vibration region but also in OH stretching vibration region. The bands in OH stretching vibration
region were assigned. The spectra in the CdO stretching vibration region were decomposed into component
spectra attributed to inter, the free CdO groups, and the intramolecularly hydrogen-bonded CdO groups
between the CdO groups and one of the C-H groups in CH3 of PHB (designated as free and intra,
respectively) to determine the respective fractions, finter, ffree, and fintra. We found that fks (k= intra and inter)
exhibit a double-step change with wPVPh: (i) step 1 with 0e wPVPhe 0.5, where intra and inter exchange each
other, when wPVPh is changed, via the two elemental transformations, (a) from intra to free and (b) from free
to inter, as will be discussed in detail in the text; (ii) step 2 with 0.5<wPVPh, where X-ray crystallinity tends to
vanish, ffree starts to decrease, and finter starts to increase even more largely with wPVPh than the case of (i),
implying that the exchange from free to inter is suppressed by the presence of the crystallinity in step 1, while
that from free to inter is enhanced in the absence of the crystallinity in step 2.

Introduction

Polyhydroxyalkanoates (PHAs) are well-known as naturally
made biodegradable high molecular weight aliphatic polyesters
that have the potential contributions to the environmental
protection.1-4 Among PHAs, poly(3-hydroxybutyrate) (PHB)
is the most abundant polyester found in bacteria and also most
extensively studied.1,3 However, there is still a large technical
barrier for practical applications of PHB as environmental-
friendly polymeric materials because PHB is rigid and brittle
due to its excessively high crystallinity, and it is also thermally
unstable during the conventional melt-processing due to the high
melting temperature (Tm).

The crystal structure of PHB is orthorhombic,P212121-D
4
2with

lattice parameters a=5.76 Å, b=13.20 Å, and c=5.96 Å (fiber
repeat distance).5,6 The crystals have the intramolecular hydrogen
bondings (C-H 3 3 3OdC) (designated hereafter as intra) between
the CdO groups in one helix and the CH3 groups in the other
helix along the a-axis.7-10Moreover, intra can stabilize the chain
folding in the lamellar structure of PHB.9

There are some approaches to improve the properties of PHB-
based polymeric materials, such as copolymerization11-16 and
blending. Many blends containing PHB have been studied,
such as poly(vinyl alcohol),17 poly(vinyl acetate),18 poly(methyl
acrylate),19 and poly(ethylene oxide).20,21 It is well-known that the
enthalpic contribution to the free energy ofmixing usually controls
the miscibility of polymer blends because polymer blends have
small translational (combinatorial) entropy of mixing. Hydrogen-
bonding interactions, if there are, are considered to play a key role

in the enthalpic contribution due to its diversity and strength.
Many hydroxyl group containing polymers are reported as a good
counter polymer to be mixed with polyesters because those blends
havebeen found to form totally orpartiallymiscible systemsdriven
by the intermolecular hydrogen-bonding interactions.13,22-24

Wewould like to further advance our discussion along this line
by one step deeper and point out that the exchange of the
hydrogen bonding between the intermolecular one (between the
CdO groups in the polyester and the OH groups in the counter
polymer) (designated hereafter as inter) and intra, and vice versa,
would give crucial effects on both crystallization and miscibility.
In a more rigorous sense, this exchange between intra and inter
involves two elemental transformation processes: that between
intra and free and that between free and inter as well. Here “free”
designates the freeCdOgroups. The inter is expected to influence
the glass transition temperature (Tg), increment of heat capacity,
crystallinity, and crystal lattice parameters of the blends as well.

In this research, poly(4-vinlphenol) (PVPh) was selected as the
hydroxyl group containing polymer and blended with PHB.
Figure 1 shows the chemical structures of PHB (A) and PVPh
(B). PVPh is completely amorphous, while PHB is semicrystal-
line. Because of the existence of CdO and OH groups in the
constituent polymer (A) and (B), respectively, the blend is possi-
ble to form inter. Let us briefly review the works reported on
PHB/PVPh blends below.

Xing et al.25 reported that this particular blend system is
miscible at all compositions through the single Tg evaluated by
DSC thermograms and that the negative values of the segmental
interaction parameter determined from the equilibrium melting
point depression support the miscibility and strong hydrogen-
bonding interactions between PHB and PVPh. Iriondo et al.24,26

reported existence of inter in PVPh blends with tactic and atactic
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PHB through the FTIR spectra in the CdO stretching vibration
region. For the tactic PHB blends which are crystallizable, the
specimens were heated above melting temperature, and the
spectra were recorded in the cooling processes in order to avoid
the influence of the crystallinity on the crystalline carbonyl band.
Using the association model of Painter and Coleman,27 they
reported the difference in the equilibrium constants of the
interassociation for the two blend systems with the tactic and
atactic PHBs based upon the evaluated values of finter and ffree
only under the conditions of fintra=0.

In this paper we aim to advance the investigation of this blend
by one step further through systematically investigating the
following parameters for the same samples: the thermal behavior
with DSC, crystal structure, and crystallinity with wide-angle
X-ray diffraction (WAXD), and intra, free, and inter with FTIR
spectroscopy. The investigation was focused on the following
aspects: (1) further reinforcement of existence of inter through the
assignment of the OH stretching vibration bands in addition to
the CdO stretching vibration bands; (2) decomposition of the
vibration spectra in the CdO stretching region into fundamental
vibration spectra reflecting inter, intra, and free in order to
systematically study the transformations among them when
wPVPh is varied; (3) determination of X-ray crystallinity
Xc and crystal lattice parameters. In item (2) described above,
we should note that the decomposition process was generalized
beyond the level of Iriondo et al.24,26 and Gonzalez et al.28 to
include intra associated with crystallinity of the PHB phase.

Experimental Section

Materials and Sample Preparation Procedures. The bacte-
rially synthesized poly(3-hydroxybutyrate) with number-aver-
aged molecular weight Mn= 6.5 � 105 was obtained from the
Procter & Gamble Corp., Cincinnati, OH. Poly(4-vinylphenol),
which is amorphouswith glass transition temperature (Tg) equal
to 118.2 �C and 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-buta-
none to prepare homogeneous solutions having concentrations
1 and 4 wt %, respectively. The two solutions were then mixed
into a homogeneous solution and cast on CaF2 substrates at
80 �C for 10 min. The cast films were kept in a vacuum oven at
60 �C for 24 h in order to evaporate the solvent completely and
then cooled to room temperature. The samples thus prepared
were designated hereafter as “as-prepared” samples and held in
the vacuum oven at room temperature until measurements.

FTIR Spectroscopy. The transmission FTIR spectra were
measured at 30 �C for the as-prepared samples of the PHB/
PVPh blends 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 signal-averaging of
each IR spectral measurement to ensure a high signal-to-noise
ratio with a 2 cm-1 resolution. The CN4400, OMEGA thermo-
electric device (Boulder, CO) was used as a temperature con-
troller with an accuracy (0.1 �C.

Differential Scanning Calorimetry (DSC). DSC measure-
ments of PHB/PVPh blends were performed with a Perkin-
Elmer Pyris6 DSC system (Waltham, MA) at heating and
cooling rate of 10 K/min under a nitrogen purge. Separately
from the as-prepared samples described above for FTIR mea-
surements, the sample films for the DSC measurement were
prepared by casting the solution on aluminum pans at 80 �C for
30min and sealed in them. The samples were heated from 303 to
463 K (first heating process) and then maintained at 463 K for
2 min before cooling to 243 K. Subsequently, the samples were
reheated to 463 K (second heating process). The value of the
midpoint of the transition in the second heating process and
peak point in the first heating process were taken as the Tg and
Tm, respectively.

Wide-Angle X-ray Diffraction (WAXD). The WAXD pat-
terns were measured for the as-prepared samples of PHB/PVPh
blends at 30 �C in the scattering-angle range of 2θ=2�;40� by
using Rigaku RINT2000 X-ray diffractometer (Tokyo, Japan)
with Cu KR radiation (wavelength 1.5418 Å) and with an X-ray
generator of power 50 kV and 40 mA. The WAXD patterns of
the blends were recorded as a function of wPVPh at the scanning
rate of 2θ=0.5�/min at room temperature.

Results and Discussion

Thermal Analysis. Figure 2 shows the thermograms of the
PHB/PVPh specimens during the first heating process. The
temperature at the peak was taken as melting point (Tm). It is
clear that, compared with pure PHB, the Tm and melting
enthalpy of the blends decrease with wPVPh, indicating that the
blend system is miscible in the molten state and the crystallinity
is depressed with wPVPh, consistent with the results reported by
Xing et al.25 Moreover, the DSC curves of the blends with
wPVPhg70wt%donot exhibit themeltingpeak, indicating that
the crystallization hardly occurs in these blends prepared as the
abovedescription.Thedisappearanceof crystallinitywill alsobe
discussed in the following FTIR and WAXD parts.

Composition-Dependent FTIR Spectra in the CdO Stret-
ching Region. Figure 3 shows the FTIR spectra obtained at
room temperature for the as-prepared specimens of pure PHB
and the PHB/PVPh blends with increasing wPVPh in the CdO
stretching vibration region. Two bands centered at 1742 and
1724 cm-1 are due to free and intra, respectively, eachofwhich
corresponds to the amorphous and crystalline states of PHB
for the reasons as clarified below. For the spectrum with
wPVPh=90 wt %, the peak around 1700 cm-1 (shown by the
arrow) is due to a residual amount of the solvent (2-butanone)
in the as-prepared films, which is difficult to be evaporated
completely under the heat treatment employed in this work.

The composition-dependent FTIR spectra of the as-pre-
pared specimens show the following trends with wPVPh. The

Figure 1. Chemical structures of poly(3-hydroxybutyrate) (PHB)
(A) and poly(vinylphenol) (PVPh) (B).

Figure 2. Melting endotherms of DSC thermograms recorded in the
first heating process of the PHB/PVPh blends at 10 �C/min.
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sharp and dominant intra band around 1724 cm-1 gra-
dually broadens and eventually disappears when wPVPh g
70 wt %, where crystallinity as observed by the melting
exotherm disappears as shown in the DSC results (Figure 2).
Besides, the absorption intensity of free around 1742 cm-1

increases with wPVPh. Thus, we can reasonably assign intra
and free to crystalline and amorphous bands, respectively.
The second derivatives of the spectra in Figure 3 were cal-
culated and shown in Figure 4. For the blend with wPVPh=
70 wt %, the crystalline CdO band (or intra) totally dis-
appeared. Moreover, this phenomenon can be verified also
by the disappearance of a minor band centered at 1687 cm-1

when wPVPh g 70 wt %, as shown in Figures 3 and 4. This
band has been reported to be undoubtedly a crystalline band,
although its spectral origin is not yet assigned.17 All of these
suggest that PHB is no longer able to crystallize in the as-
prepared PHB/PVPh blends when wPVPh g 70 wt %. This
point will be further confirmed by the WAXD study to be
discussed later.

Accompanied by the increased breadth of the band at
1724 cm-1 with wPVPh, a new band appears at the lower
wavenumber side around 1713 cm-1, as shown in Figures 3
and 4. However, this peak exists neither in the pure PHB
spectrum nor in the pure PVPh spectrum. Therefore, this is a
new band inherent in the PHB/PVPh blend system and is
expected to reflect inter. In general, the hydrogen bonding in
the region from 1700 to 1720 cm-1 is quite well-known in
many hydrogen-bonded polymer blends containing CdO
groups and OH groups.22,23 Actually, Iriondo et al.24,26 also
have reported existence of inter in the CdO stretching
vibration region at ∼1709 cm-1 for the PHB/PVPh blend
specimens cooled down from the melts to 110 �C. They
reported the contribution of inter increases with wPVPh.
Moreover, we found that the increase of inter with wPVPh

occurs in parallel to the decrease of intra and increase of
free. These results ensure the formation of inter.

Intra stabilizes the chain folding in the lamella structure
and hence brings about the high crystallinity of PHB.9On the
other hand, theOHgroups of PVPh hold the CdOgroups of
PHB from the amorphous phase through inter, so as to
depress the crystallinity of PHB. With the increase of wPVPh,
intra appears to be exchanged into inter, which suppresses
the crystallizability of PHB. Therefore, intra and inter can
influence each other through the exchange between them,
which will be discussed in the following part.

Composition-Dependent FTIR Spectra in the OH Stretch-
ing Region. Figure 5 shows the FTIR spectra in the OH
stretching vibration region of pure PVPh and the PHB/PVPh
blends with decreasing wPVPh measured at room tempera-
ture. As shown in spectrum of pure PVPh, it exhibits two
obvious stretching vibration bands, and we assign them due
to the π-associated OH band around 3535 cm-1 and the self-
associated OH band around 3380 cm-1. The π-association is
the interactions between the hydroxyl and phenyl groups of
PVPh, and the self-association is the interactions among the
OH groups of PVPh.

A narrow and sharp band centered around 3448 cm-1

observed in the FTIR spectra (shown by the broken line and
the arrow) gradually decreases with wPVPh and disappears
when wPVPhg 60 wt%. The wavenumber of this band (3448
cm-1) is the double of that of the crystallineCdOband (intra
around 1724 cm-1). Therefore, the band at 3448 cm-1 should

Figure 3. Normalized FTIR spectra recorded at room temperature in
the CdO stretching region for the as-prepared PHB/PVPh blends.

Figure 4. Second derivative of the spectra shown in Figure 3.

Figure 5. Normalized FTIR spectra recorded at room temperature in
the OH stretching region for the as-prepared PHB/PVPh blends.
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originate from the first overtone of the crystalline CdO
stretching vibration at 1724 cm-1 of PHB. However, as
shown in the CdO stretching vibration region (Figure 3),
the intra CdO band disappears for the blends having wPVPh g
70 wt%.AtwPVPh=60wt%, the disappearance of the band
around 3448 cm-1 is due to the low intensity of this band and
the strong OH stretching vibration. This broad OH stretch-
ing vibration tends to cover the first overtone of the crystal-
line CdO band when the crystallinity is low. However, we
can also detect the decrease of crystallinity of PHB through
the intensity reduction of this first overtone band.

The second derivatives of the spectra in Figure 5 (wPVPh g
60 wt%), which were not affected by the first overtone of the
crystallineCdOband, are shown inFigure 6. For pure PVPh
spectrum, there is a peak around 3600 cm-1 which is not
observed in original spectrum. The peak around 3600 cm-1,
which is barely visible in Figure 5, is reasonably assigned to
the free OH groups of PVPh. We can clearly find another
new band centered around 3460 cm-1 for the PHB/
PVPh blends with wPVPh=60 wt %. Therefore, we propose
that this new band is the inter OH band (OH 3 3 3CdO) and
combined with the self-associated OH band in the blend
which is shifted from the neat PVPh band around 3380 cm-1

toward a higher wavenumber with the PHB content. This
shift is in turn caused by inter. However, a quantitative
assessment of the OH band in this region is quite difficult
because of an extensive and intricate overlap of some bands.

Curve-Fitting Analysis for the Fraction of ffree, fintra, and
finter. The analysis of composition-dependent FTIR spectra
in the CdO and OH stretching vibration regions confirmed
the existence of inter. In order to quantitatively investigate
the effect of composition on the individual elemental CdO
stretching vibration bands around 1742 cm-1 (free), 1724 cm-1

(intra), and 1713 cm-1 (inter), a curve-fitting procedure was

employed to decompose the net spectra in the CdO stretch-
ing region into the elemental vibrational bands. For the
decomposition, each elemental spectrum was assumed to
be Gaussian with the peak position determined from that of
the second derivative of the spectrum. For instance, Figure 7
shows a typical curve-fitting result of the neat PHB (part a)
and the PHB/PVPh (wt %/wt %)=50/50 blend (part b). In
the fitting process, the widths and heights of these peakswere
treated as adjustable parameters. There is good agreement
between the observed spectra (shown by the solid) and the
reconstructed spectra (shown by the dotted line).

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

fk ¼ ðAk=εkÞ=
X

k

ðAk=εkÞ ð1Þ

where Ak and εk are the absorbance and absorption coeffi-
cient of the elemental spectrum (k= free, intra, and inter).
We used the reported value23,24,26 of γ � εinter/εfree =
εinter/εintra=1.5 for the case of PVPh/polyester blend systems.

The results of the curve-fitting analysis are summarized in
Table 2, and the fractions of each elemental vibration mode
fks are shown as a function of wPVPh in Figure 8. At a fist
glance, it is striking to note that fks exhibit a double-step
change with wPVPh across wPVPh ∼ 50 wt % as shown by the
vertical broken line: step 1 at wPVPh < 50 wt% and step 2 at
wPVPh > 50 wt % where crystallinity rapidly vanishes with
wPVPh. The first step involves a rapid increase of finter up to

Table 1. Curve-Fitting Results of the CdO Stretching Vibration Bands in the PHB/PVPh Blends at Room Temperature

free CdO (amorphous) intra CdO (crystalline) inter CdO (amorphous)

PHB/PVPh (wt %) νa (cm-1) w1/2
b (cm-1) fraction (%) ν (cm-1) w1/2 (cm

-1) fraction (%) ν (cm-1) w1/2 (cm
-1) fraction (%)

100/0 1739.5 25.07 51.3 1724.0 13.50 48.7
90/10 1740.4 25.07 51 1724.0 13.50 34 1713.4 28.93 15
80/20 1740.4 25.07 49.8 1724.0 13.50 29.5 1713.4 28.93 20.7
70/30 1739.4 24.11 51.6 1723.1 13.50 24.4 1713.4 28.93 24
60/40 1740.4 24.11 51.8 1724.0 13.50 23.1 1712.5 28.93 25.1
50/50 1739.5 24.11 47.4 1722.1 12.54 24.1 1709.6 29.89 28.5
40/60 1741.4 24.11 49.8 1724.0 12.54 5 1713.4 30.86 45.2
30/70 1743.3 19.28 46 1716.3 41.46 52.5
20/80 1742.4 18.32 28.8 1715.4 42.43 71.2

aPeak wavenumber. bFull width at half-maximum.

Figure 6. Second derivative of the spectra shown in Figure 5.
Figure 7. Decomposition of observed FTIR spectra in the CdO stret-
ching region for neat PHB (a) and PHB/PVPh (wt %/wt %) = 50/50
(b) (solid line) into free (amorphous component), intra (crystalline
component), and inter (amorphous component). The reconstructed
absorbance (dotted line) was obtained by summing up of the absor-
bances of the elemental bands.
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∼20%as shownby the broken and solid line (the broken part
was not actually measured but represents only an expected
trend) (region I), followed by a small but almost linear inc-
rease of finter with increasingwPVPh up to 50 wt% (region II).
The second step (region III) involves another rapid sigmoidal
increase of finter with wPVPh by the amount which is even
larger than that in the first step. The first-step increase of
finter with wPVPh occurs in parallel with a large and almost
exponential decay of fintra (region I), followed by a small but
an almost linear decrease of fintra (region II). The first-step
rapid decay of fintra is followed by an even more rapid para-
bolic decay (with an upward curvature at wPVPh ∼ 50 wt %)
in the second step. Thus, both fintra vs wPVPh and finter vs
wPVPh have approximate inflection points at wPVPh ∼ 20
and 50 wt %. The changes in fintra and finter suggest the
exchange of the intra- and inter-molecular hydrogen bond-
ings with the CdO groups of PHB. Moreover, the exchange
behavior seems quite different below and above wPVPh

∼ 50 wt %. This “crossover behavior” will be further
discussed later.

To our big surprise, ffree remains almost equal to that of
neat PHB (∼50 wt %) in step 1 compared with the large
change of fintra and finter. It then sharply drops with the
further increase of wPVPh in step 2, though the decrease
begins to occur at ∼60 wt % rather than at ∼50 wt %. This
disparity in the critical value ofwPVPh, above which fintra and
ffree start to decrease, will be briefly discussed later. The rapid
decrease of ffree in the step 2 occurs concurrently with the
sharp decrease of fintra, hencewith vanishing crystallinity and
also with the large sigmoidal increase of finter. It is quite
natural that the vanishing crystallinity as observed by the
decrease of fintra enhances the free CdO groups to contact

with the OH groups of PVPh, so as to promote inter and
suppress free in step 2.

The decrease of fintra occurs essentially in parallel to the
decrease of X-ray crystallinity Xc as shown in the right-side
ordinate axis in Figure 8, as will be discussed in the next
section. As already pointed out, in step 1, ffree remains almost
unaltered with wPVPh, in contrast to the large decrease of
fintra and hence Xc with wPVPh. This evidence infers that the
increased numbers of the free CdO groups created by the
increased dissociation of intra in the crystalline region would
not effectively encounter the OH groups of PVPh, because a
majority of them are still stabilized and surrounded by the
crystalline region. This may explain why ffree hardly changes
with wPVPh, despite the large decrease of fintra.

The free CdO groups can easily encounter the OH groups
of PVPh in step 2 because of the diminishing crystallinity,
which in turn promotes the diffusion of the free CdO groups
and hence the frequency factor for the association of inter.
The disparity between the critical value of wPVPh for intra
(50 wt%) and that for free (60 wt%), above which fintra and
finter start to rapidly decrease with wPVPh, is based on the
same physics as described above. On one hand, the rapid
decrease of fintra in step 1 would bring about a large increase
of ffree as a consequence of the dissociation of intra. On the
other hand, the free CdO groups thus created can be more
easily consumed and transformed into inter by the enhanced
contacts with the OH groups of PVPh as PHBs are now
essentially in amorphous phase. A balance of these two
opposing effects is anticipated to result in the observed
disparity in the critical value of wPVPh. After all, these
changes in ffree, fintra, and finter suggest the exchange from
intra to inter and vice versa occurs through free and that the
degree of the exchange crucially depends on Xc of surround-
ing environment of free CdO groups.

In regions I and II of step 1, the addition of PVPh
suppresses the crystallinity of PHB which in turn decreases
fintra and increases ffree. However, some of free CdO groups
are associated with the OH groups of PVPh, so that ffree is
kept unchanged, though finter increases. It should be noted
that some of free CdO groups are trapped in amorphous
region of PHB surrounded by the crystalline part and hence
cannot be associated with the OH groups of PVPh. In region
III, however, the crystalline region is totally destroyed, and
hence the stabilization mechanism of free CdO groups
disappears, so that the OH groups of PVPh can efficiently
associate with the CdO groups of PHB to form inter. We
found that there is a critical value of Xc (∼30 wt %) or fintra
(∼20 wt %) at wPVPh ∼ 50 wt % where a large change or the
crossover occurs in the exchange efficiency.

Wide-Angle X-ray Diffraction Results. We measured the
WAXD patterns of the as-prepared samples of the pure and
blended PHB at 30 �C as a function of wPVPh. The measured
lattice spacingsof the (020), (110), and (002) planes, crystallinity,

Table 2. Degree of Crystallinity, Lattice Spacings, and Lattice Parameters of the As-Prepared PHB/PVPh Blends at 30 �C Determined
from X-ray Diffraction

lattice spacingsa/Å parameters of crystal latticea/Å

blend composition
PHB/PVPh crystallinity (%) (020) (110) (002) a b c

100/0 60( 5 6.57 5.25 2.92 5.72 13.14 5.85
90/10 58( 5 6.57 5.25 2.92 5.72 13.14 5.84
80/20 50( 5 6.53 5.22 2.91 5.70 13.06 5.82
70/30 47( 5 6.51 5.21 2.90 5.69 13.01 5.82
60/40 35( 5 6.52 5.21 2.91 5.69 13.05 5.83
50/50 29( 5 6.54 5.22 5.70 13.08
40/60 9( 5 6.65 5.30 5.77 13.30

aThe errors in these values are (0.01 Å.

Figure 8. X-ray crystallinity (Xc) and fraction of free (amorphous),
intra (crystalline), and inter. The solid lines are only for visual guides.
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and the lattice parameters (a, b, and c) are show in Table 2.
All the diffraction patterns of the blends have the same
diffraction peaks as those of pure PHB, but the diffraction
intensity decreases with wPVPh. Therefore, the addition of
PVPh does not result in any change of crystal structure of
PHB, but it can depress the crystallinity of PHB in the
blends. Moreover, as wPVPh >50 wt %, the diffraction peak
intensity is so weak and hence the crystallinity is so low that
the lattice parameter c could not be accurately measured.
When wPVPh = 60 wt %, the (020) and the (110) lattice
spacings apparently increased, suggesting that the crystal
lattices become less perfect, consistent with decreasing fintra
as clarified by the FTIR analysis. As wPVPh g70 wt %, the
WAXD pattern shows the totally amorphous pattern with-
out any diffraction peaks, indicating that the PHB compo-
nent in these blends appears completely amorphous state. It
is also consistent with the results of FTIR and DSC.

Figure 8 compares the crystallinity that were observed by
WAXD (Xc) and FTIR (fintra) as a function of wPVPh. The
observed trend that both Xc and fintra decrease with wPVPh is
qualitatively the same but quantitatively different. The dis-
crepancy may arise from a difference in the susceptibility of
the two methods against thermal motions of the atomic
groups: the break of intra, to which FTIR is sensitive, may
not necessarily cause the degree of the distortion for the
spatial order of atoms, to whichX-ray diffraction intensity is
sensitive.

Conclusions

The present studies have aimed at exploring the intra- and
inter-molecular interactions, the crystal structure, and the crystal-
linity of the PHB/PVPh blends by using the combined FTIR,
WAXD, and DSC methods. The following conclusions can be
reached from the present study.

The intermolecular hydrogen bondings between the CdO
groups of PHB and the OH groups of PVPh (inter) was further
proven to exist, through the systematic assignment of the FTIR
spectra in the OH stretching vibration region. Moreover, the
competing hydrogen-bonding interactions of CdO groups in
PHBwith theCH3 groups ofPHB (intra) andwith theOHgroups
of PVPh (inter) is a crucial physical factor underlying the basic
physics of the blends with respect to ordering via crystallization,
miscibility, and even phase separation, though the phase separa-
tion on this blend has not yet been critically investigated so far in
the literature, especially during the ordering process prior to
crystallization.

We proposed that the exchange between intra and inter occurs
through creation of the free CdO groups (via dissociations of
intra and/or inter), and hence it crucially depends on themobility
of the surroundingmedia where free CdO groups exist. This was
evidenced by the crossover behavior of the exchange between
inter and intra at the critical value wPVPh ∼ 50 wt % or at the
critical value of crystallinity as observed byX-ray (Xc∼ 30wt%)
and FTIR (fintra ∼ 20 wt %).

WAXD studies of PHB/PVPh blends indicated that the crystal
structure formed in the blends is same as that of neat PHB. Both
of the X-ray crystallinity Xc and fintra decrease with wPVPh,
although the trends of themare quantitively different as discussed
in the text. The decreasing crystallinity of PHB/PVPh blends as a
function of wPVPh also was confirmed by the DSC thermograms.

Wehope that our experimental results stimulate further funda-
mental studies to gain deeper insights into basic physics concern-
ing the ordering process and mechanism of polymer blends in
which both component polymers can form intra- and inter-mole-
cular hydrogen bondings. To gain more profound understanding

of the experimental results presented in this work, it is crucial to
explore, in situ and at real time, the ordering process and
mechanism (crystallization and/or phase separation) of the
blends during the solvent evaporation process and the subsequent
heat-treatment process.
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