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ABSTRACT: The miscibility and hydrogen bonding
interaction in the poly(3-hydroxybutyrate-co-3-hydroxyhex-
anoate)/poly(4-vinyl phenol) [P(3HB-co-3HH)/PVPh] bi-
nary blends were investigated by differential scanning
calorimetry (DSC) and Fourier transform infrared spectros-
copy (FTIR). The DSC results indicate that P(3HB-co-3HH)
with 20 mol % 3HH unit content is fully miscible with
PVPh, and FTIR studies reveal the existence of hydrogen

bonding interaction between the carbonyl groups of
P(3HB-co-3HH) and the hydroxyl groups of PVPh. The
effect of blending of PVPh on the mechanical properties of
P(3HB-co-3HH) were studied by tensile testing. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 106: 2025–2030, 2007
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INTRODUCTION

Blending offers a more attractive and alternative
method to create new polymeric materials than devel-
oping totally new polymers.1–3 In the last two decades,
with the increasing concern about the environmental
and energy problems, a great attention has been paid
on environmentally friendly thermoplastic materials
and their blend systems in polymer science.4,5 A series
of natural polyesters polyhydroxyalkanoates (PHAs)
including poly(3-hydroxybutyrate) (PHB) and its
copolymers, produced by a wide variety of microor-
ganisms as intracellular reserve materials, are receiv-
ing an increasing attention for possible application as
biodegradable, melt processable polymers, which can
be produced from renewable resources. To improve
mechanical properties and reduce the production cost,
incorporation of other monomer units into the P(3HB)
chain to form copolymers and blending with synthetic
polymers have been widely performed. A series of
random copolymers containing 3-hydroxybutyrate
(3HB) unit have been produced by microorganisms,
such as poly(3-hydroxybutyrate-co-3-hydroxyvela-
rate) [P(3HB-co-3HV)],6 poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) [P(3HB-co-3HH)],7 poly(3-hydroxy-
butyrate-co-3-hydroxypropionate) [P(3HB-co-3HP)],8

and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
[P(3HB-co-4HB)].9

P(3HB) formed miscible blends with various com-
mercial polymers such as poly(ethylene oxide),10,11

poly(vinylidene fluoride),12,13 poly(vinyl chloride),14,15

poly(epichlorohydrin),16,17 poly(4-vinylphenol) (PVPh),18

and poly(vinyl acetate).19,20 P(3HB-co-3HH), as a
new member of the PHA family, is produced on a
large scale.7,21 P(3HB-co-3HH) has significantly dif-
ferent properties when compared with PHB because
of the long chain branching, and is a good candidate
for the clinical biomaterials. However, the low glass
transition temperature limited the manufacturability
of P(3HB-co-3HH).22

In previous works, much attention has been paid
to the miscibility of PVPh with other polymers.23–27

PVPh can act as a proton donor that forms a strong
intermolecular hydrogen bond with proton acceptor
such as carbonyl, ether, or other functional groups of
the second polymers. A variety of binary blends con-
taining PVPh have been reported to be miscible over
the wide range of blend composition in the amor-
phous state. It is also reported that PVPh is analo-
gous to a good solvent to enhance miscibility of two
immiscible polymers.28 Inoue et al. have found a re-
versible thinning–thickening phenomenon for syn-
diotactic P(3HB)/PVPh and atactic P(3HB)/PVPh
blends systems with specific composition in the
aqueous solution.29,30 In this study, the specific inter-
action and thermal properties were characterized for
P(3HB-co-3HH)/PVPh binary blends. The miscibility
of the blends was investigated by differential scan-
ning calorimetry (DSC) and the hydrogen-bonding
interaction is characterized by Fourier transform
infrared spectroscopy (FTIR). Finally, the mechanical
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properties of the blends were characterized by
tensile testing.

EXPERIMENTAL

Materials and sample preparation

P(3HB-co-3HH) with 3HH molar fraction 20 mol %
was fractionated from the as-produced P(3HB-co-18
mol % 3HH) sample using the solvent/nonsolvent
fractionation method as reported previously.22 The
weight-average molecular weight and polydispersity
of the P(3HB-co-20 mol % 3HH) sample were deter-
mined to be 2.76 3 105 and 1.82, respectively, by
GPC measurements. Atactic PVPh (Mw 5 1.08 3 104,
Pd 5 2.25, lot no. 16824361) was supplied by the
courtesy of Maruzen Petrochemical Co. Ltd.

The P(3HB-co-3HH)/PVPh blends were prepared
by solution casting using acetone as the common sol-
vent. The solution was cast on the Teflon Petri dish,
allowing the solvent to evaporate at room tempera-
ture for 1 day, then drying in vacuum at 408C for
1 week before the DSC and FTIR measurements.

Differential scanning calorimetry

DSC measurements were carried out on a Seiko
DSC-220 assembled with SSC-580 thermal controller.
8–10 mg sample was encapsulated in an aluminum
pan. The DSC thermogram was recorded from 250
to 2008C at a heating rate of 108C/min. The glass
transition temperature (Tg) was taken as the summit
of the peak of the differentiated DSC (DDSC) curves.

Fourier-transform infrared spectroscopy

The films of the polymer blends for FTIR measure-
ments were prepared by dropping the polymer
blend solution on the surface of silicon wafer. Silicon
wafer is transparent to IR incident beam and was
used as substrate. The thickness of the film was care-
fully controlled to be thin enough to obey the Beer-
Lambert law. FTIR spectra were recorded on a
Perkin–Elmer Spectrum 2000 spectrometer using a
minimum of 64 coadded scans at a resolution of
4 cm21. Nitrogen was used to purge CO2 and gase-
ous water in the detector and sample compartments
prior to and during the scans.

Tensile test

Tensile properties were measured at room tempera-
ture using an EZ test machine (Shimadzu Corp., To-
kyo, Japan). The gauge length and crosshead speed
were 22.25 mm and 20 mm/min, respectively. The
sample thickness was � 0.1 mm. At least five sam-
ples were tested and the average was used.

RESULTS AND DISCUSSION

DSC measurements

Differential scanning calorimetry (DSC) is exten-
sively used to investigate the miscibility of the poly-
mer blends. A composition-dependent single glass
transition is an indication of fully miscible blend at a
dimensional scale between 20 and 40 nm. Figure 1
shows the DSC thermograms of the pure P(HB-co-20
mol % 3HH), pure PVPh, and P(3HB-co-20 mol %
3HH)/PVPh blends with various composition
recorded during the first heating scan. As clearly
shown in Figure 1, pure P(3HB-co-20 mol % 3HH)
and pure PVPh exhibit a single glass transition at
278C and 160.58C, respectively. All the P(3HB-co-20
mol % 3HH)/PVPh blends showed a composition-
dependent single glass transition and the Tg value
increases with the increase of PVPh content in the
blends.

The dependence of Tg on the composition of misci-
ble P(3HB-co-3HH)/PVPh blend can be evaluated by
the Wood’s equation (eq. (1)),31

Tg ¼ ððW1Tg1 þ kW2Tg2Þ=ðW1 þ kW2ÞÞ (1)

where Tg is the glass transition temperature of the
blends, Tg1 and Tg2 are those of pure components,
P(3HB-co-3HH) and PVPh, respectively, and k is an
adjustable fitting parameter that semiqualitatively
describes the strength of intermolecular interaction.
W is the weight fraction. The good agreement of
observed Tg value with that calculated from the
Wood’s equation with k value of 0.45 as shown in
Figure 2 indicates that P(3HB-co-3HH) and PVPh
polymer form single homogeneous amorphous
phase; i.e., the two polymers are fully miscible in the
amorphous phase.

Figure 1 DSC thermograms of pure P(3HB-co-20 mol %
3HH), pure PVPh, and binary P(3HB-co-3HH)/PVPh
blends of various compositions: first heating scan, heating
rate 5 108C/min.
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In Figure 1, the melting peak was observed only
in the thermograms of pure P(3HB-co-20 mol %
3HH) and P(3HB-co-20 mol % 3HH)/PVPh blend
with weight composition of 80/20. The sample 80/
20 exhibit multi-melting peaks similar to pure
P(3HB-co-3HH), but each melting point and the melt-
ing enthalpy decreased when compared with pure
P(3HB-co-3HH). The above results indicate that the
specific intermolecular interaction between the two
polymers leads the polymer chains diffusing into
each other’s phase, which causes the change of crys-
tallization behavior.

FTIR measurements

Infrared spectroscopy has been proven to be a highly
effective means of investigating specific interaction
between various chemical groups of the polymers. In
this study, two main bands, the carbonyl vibration
region (1650–1790 cm21) and the hydroxyl stretching
region (2800–3800 cm21), in FTIR spectra were inves-
tigated because the variation of band intensity, peak
width, and position is clearly depending on the
blend composition.

Figure 3 shows the infrared spectra of the carbonyl
vibration region ranging from 1650 to 1790 cm21 for
the P(3HB-co-3HH), PVPh, and their blends meas-
ured at room temperature. The carbonyl vibration
for the pure P(3HB-co-3HH) is split into two bands,
absorptions of the carbonyl groups in the amorphous
and crystalline phases, at 1724 and 1740 cm21,
respectively. These bands can be decomposed into
two Gaussion peaks, with areas corresponding to the
amorphous carbonyl (1740 cm21) and crystalline car-
bonyl (1724 cm21) absorption. The accurate wave-
number of the amorphous band was determined
from the spectrum of the fully amorphous sample

observed at 1858C. In the carbonyl-stretching region
of the P(3HB-co-3HH)/PVPh binary blends, a new
absorption band appeared at the lower wavenumber
side centered at 1709 cm21, which can be attributed
to the hydrogen-bonded carbonyl vibration, because
PVPh shows no absorption in this region. The rela-
tive intensity of the hydrogen-bonded carbonyl band
increases with PVPh weight content in the blends,
while those of the free carbonyl group band (con-
sisting of amorphous and crystalline components)
decreases. These results indicate the formation of
hydrogen bonds between the hydroxyl groups of
PVPh and the carbonyl groups of P(3HB-co-3HH).

Figure 4 shows the infrared spectra of hydroxyl
stretching region of the pure P(3HB-co-3HH), PVPh,
and various P(3HB-co-3HH)/PVPh blends ranging
from 2800 to 3800 cm21 measured at room tempera-
ture. As shown in Figure 4, pure PVPh exhibits two

Figure 2 Relationship between the glass transition tem-
perature (Tg) and the composition of P(3HB-co-3HH)/
PVPh blends. The solid line is the calculated Tg values
based on the Wood’s equation with k value of 0.45.

Figure 3 Infrared spectra in the carbonyl vibration band
of P(3HB-co-3HH)/PVPh blends with different composi-
tions recorded at room temperature.

Figure 4 Infrared spectra in the hydroxyl stretching band
of P(3HB-co-3HH)/PVPh blends with different composi-
tions recorded at room temperature.
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bands in the hydroxyl stretching region of the infra-
red spectrum. The free hydroxyl group absorption is
located at 3525 cm21, while the hydrogen bonded
hydroxyl group absorption showed a broad band
centered at 3350 cm21 because of wide distribution
of hydrogen-bonded hydroxyl group. Free hydroxyl
group, which for P(3HB-co-3HH), only a very weak
band centered at 3446 cm21 is observed in this
region, which originated from the vibration of the
hydroxyl group in the chain terminal of P(3HB-co-
3HH). Because of its low intensity compared to that
of the band of PVPh in this region, the contribution
of this band to the spectra of the blends is reason-
ably negligible when the PVPh weight content is not
too low. For the P(3HB-co-3HH)/PVPh blends, a
shoulder appeared at 3390 cm21 in the hydroxyl
stretching region of the infrared spectrum, and the
relative intensity of this shoulder band increases
with the increase of PVPh weight content. This result
reflects that new distribution of the hydroxyl–
hydroxyl and the hydroxyl–carbonyl specific interac-
tions exists in the blend system. The average
strength of the intermolecular hydrogen bonding
interaction can be obtained from frequency differ-
ence (Dm) between the hydrogen-bonded hydroxyl
absorption and the free hydroxyl absorption. From
the blend containing 80 wt % of PVPh, the intermo-
lecular hydrogen-bonded band at 3390 cm21 (Dm 5
135 cm21) shifted to 3350 cm21(Dm 5 175 cm21),
indicating that the strength of the hydroxyl–
hydroxyl specific interaction of PVPh is stronger
than that of the intermolecular hydrogen bonding
interaction between the carbonyl group of P(3BH-co-
3HH) and the hydroxyl group of PVPh. Quantitative
analysis of the hydroxyl stretching region of polymer
blends is too difficult, because of (1) very broad
stretching region, (2) the extensive overlap of the
bands of interest, and (3) the molar absorptivities of
the components being a strong function of wave-
number and temperature.

Curve-fitting analysis of the fraction of
hydrogen-bonded carbonyl group

The existence of intermolecular hydrogen-bonding
interaction between the carbonyl group of P(3HB-co-
3HH) and the hydroxyl group of PVPh were con-
firmed in the FTIR spectrum of their blend system.
On the basis of the Beer-Lambert law, by using
curve-fitting program, the carbonyl vibration region
of the pure P(3HB-co-3HH) and P(3HB-co-3HH)/
PVPh blends system can be quantitatively analyzed
to three components centered at 1709, 1724, and
1740 cm21, corresponding to the hydrogen-bonded,
the crystalline, and the amorphous states, respec-
tively. A lot of reports have been discussed in simi-
lar blends system for a quantitative evaluation of

the fraction of intermolecular hydrogen-bonding
interaction.25,32,33

As an example, the results of curve-fitting for the
pure P(3HB-co-3HH) and P(3HB-co-3HH)/PVPh 50/
50 wt %/wt % blend were shown in Figure 5. The
excellent agreement between the experimental spec-
tra, second derivative of the curve, and fitted spectra
indicates the reliability of this curve-fitting tech-
nique. In the blend system, the carbonyl absorption
band was divided into three parts, the amorphous,
the crystalline, and the hydrogen-bonded, with
Gaussian line-shape obtained for all the cases. Dur-
ing fitting progress, the peak position of amorphous
components, crystalline components, and hydrogen
bonded bands were fixed, putting the peak shape,
widths, and heights of the three bands as the adjust-
able parameters.

The fraction of the hydrogen-bonded carbonyl
group can be calculated by the following equation

Fb ¼ Ab=ðAb þ gb=aAa þ gb=cAcÞ (2)

where Aa, Ac, and Ab denote the integrated peak
areas corresponding to the amorphous (a), crystalline
(c), and hydrogen-bonded carbonyl bands (b),
respectively. the factors gb/a and gb/c are absorption
ratios that taken into account the differences
between the absorptivities of the hydrogen-bonded
(b) and amorphous (a) carbonyl group and between
those of the hydrogen-bonded (b) and crystalline (c)
carbonyl group, respectively. The ratios gb/a and gb/c
also can be calculated on the basis of Beer-Lambert
law, by measuring the film thickness of the FTIR

Figure 5 Experimental and curve-fitting results of infra-
red spectra in the carbonyl stretching region for pure
P(3HB-co-20 mol % 3HH) (a) and binary P(3HB-co-20 mol
% 3HH)/PVPh 50/50 blend (b). Dash line Amor.: amorp-
house component; shot dot line Cyrs.: crystalline compo-
nent; dash dot line Hydr.: hydrogen-bonded component;
solid line: curve-fitted result; symbol (O): experimental
spectrum.
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sample. In this study, we used the value gb/a 5 gb/c
5 1.5, which has been proposed as an appropriate
absorptivity ratio for similar polyester systems.25,32,33

The results of the curve-fitting of P(3HB-co-3HH)/
PVPh blends are summarized in Table I. The fraction
of the hydrogen-bonded carbonyl group increases
with PVPh content in the blend system. But the frac-
tion of both the amorphous and crystalline phase
decreases with increase of PVPh content, indicating
that the formation of the hydrogen-bond between
the hydroxyl group of PVPh and the carbonyl group
of P(3HB-co-3HH) strongly suppresses the crystalli-
zation of P(3HB-co-3HH) chains. These results agree
well with the DSC results. Although clear melting
behavior was not observed for the blends with PVPh
content above 40% in DSC measurements, the FTIR
spectra revealed the presence of a trace crystalline
phase. This discrepancy may be partly due to that
the DSC melting peak reflects dominantly the long-
range order, while the FTIR crystalline band reflects
relatively short-range order as well as long-range-
order. As shown in Figure 2, the Tg value of P(3HB-
co-3HH)/PVPh blends increases with the increase of
PVPh content. Because of the formation of strong

intermolecular hydrogen bonding interaction, as con-
firmed hear by FTIR spectra, the resulted two associ-
ated polymer chains, that is, P(3HB-co-3HH)/PVPh
pairs diffuse into each other’s phase and become ho-
mogeneous in the amorphous phase.

Mechanical properties

The results of tensile testing for pure P(3HB-co-
3HH), P(3HB-co-3HH)/PVPh 90/10 wt %/wt %, and
P(3HB-co-3HH)/PVPh 80/20 wt %/wt % blends are
shown in Figure 6. The tensile strength of the blends
decreases with the increase of PVPh weight contents,
which is caused by the decrease of P(3HB-co-3HH)
crystallinity in blending with PVPh. As mentioned
in the above discussion, the crystallinity is strongly
influenced because of the formation of hydrogen
bonding interaction. Simultaneously, compared with
pure P(3HB-co-3HH), the strain also decreases with
the increase of PVPh weight content. The segmental
mobility of P(3HB-co-3HH) reduced, probably be-
cause of the formation of intermolecular hydrogen
bonding interaction with less mobile PVPh segments
in the amorphous phase. In DSC results, the 80/20
wt %/wt % blend showed a glass transition at the
temperature very near to the room temperature, the
amorphous phase is almost in the glassy state at
room temperature, thus, the yield stress showed a
little increase even compared to pure P(3HB-co-
3HH). For the blends with PVPh content higher than
20 wt %, it was failed to measure the mechanical
properties, due to the intrinsic brittleness of the
blends.

CONCLUSIONS

The thermal properties and the formation of strong
intermolecular hydrogen bonding interaction bet-
ween P(3HB-co-3HH) and PVPh in their binary
blends were investigated by DSC and FTIR. In the
DSC measurements, a compositional dependent sin-
gle glass transition was observed, indicating that the
P(3HB-co-3HH)/PVPh binary blend system is fully

TABLE I
Curve-Fitting Results of Binary P(3HB-co-3HH)/PVPh Blends at Room Temperature

P(HB-co-HH)/
PVPh (wt %)

Free C¼¼O

Hydrogen-bonded C¼¼O
Fraction of
hydrogen-
bonded (%)

Amorphous Crystalline

m
(cm21)

w1/2

(cm21)
Area

frac (%)
m

(cm21)
w1/2

(cm21)
Area

frac (%)
m

(cm21)
w1/2

(cm21)
Area

frac (%)

100/0 1739 28.54 78.39 1724 12.75 21.61 – – – –
80/20 1739 26.04 62.57 1724 12.25 19.45 1710 32.50 17.98 12.73
60/40 1739 26.70 59.35 1724 14.37 15.52 1710 37.15 25.13 19.98
50/50 1739 26.77 57.75 1724 14.69 5.10 1710 36.45 37.15 28.27
40/60 1739 30.24 51.32 1724 12.69 3.29 1710 32.31 45.39 35.65
20/80 1739 30.12 51.27 1724 8.64 1.33 1710 35.17 47.40 37.53

Figure 6 Stress–strain curves of pure P(3HB-co-20 mol %
3HH) and the P(3HB-co-20 mol % 3HH)/PVPh binary
blends with 90/10 and 80/20 compositions.
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miscible in the amorphous phase. The formation of
strong intermolecular hydrogen bonding interaction
was demonstrated by FTIR measurements. In tensile
testing, both the tensile stress and strain decrease
with the increase of PVPh weight content in the
blends. In conclusion, the thermal and mechanical
properties of the P(3HB-co-3HH) were greatly modi-
fied by blending with PVPh via formation of the
strong hydrogen bonds.
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