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ABSTRACT: The hydrogen bonding, miscibility, crystalliza-
tion, and thermal stability of poly(3-hydroxybutyrate) (PHB)/
4-tert-butylphenol (BOH) blends and poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) [P(3HB-3HHx)]/BOH blends were in-
vestigated by Fourier transform infrared (FTIR) spectroscopy,
solid-state C-NMR, differential scanning calorimetry, wide-
angle X-ray diffraction (WAXD), and thermogravimetric anal-
ysis. The results of FTIR spectroscopy and solid-state '*C-NMR
show that intermolecular hydrogen bonds existed between the
two components in the blends and that the interaction was
caused by the carbonyl groups in the amorphous phase of both
polyesters and the hydroxyl groups of BOH. With increasing
BOH content, the chain mobility of both the PHB and P(3HB-
3HHx) components was improved. After the samples were
quenched, the detected single glass-transition temperatures de-

creased with composition, indicating that both PHB/BOH and
P(3HB-3HHx)/BOH were miscible blends in the melt. More-
over, as BOH content increased, the melting temperatures of
PHB and P(3HB-3HHXx) clearly decreased, which implied that
their crystallization was suppressed by the addition of BOH.
Although the crystallinity of PHB and P(3HB-3HHXx) compo-
nents decreased with increasing BOH content in the blends,
their crystal structures were hardly affected after they were
blended with BOH, which was further proven by WAXD re-
sults. In addition, the thermal stability of PHB was improved
by a smaller amount of BOH. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 98: 736745, 2005
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INTRODUCTION

During the past decades, increases in ecological
awareness have led to the development of new biode-
gradable materials that are valid alternatives in spe-
cific situations when recycling or incineration is diffi-
cult or not economically feasible. Among these bioma-
terials, microbial polyhydroxyalkanoates (PHAs) are a
family of optically active biological polyesters with
(R)-3-hydroxyalkanoate [(R)-3HA] monomer units
that are synthesized by many strains of bacteria as an
intracellular storage material of carbon and energy.
Because they are produced from renewable resources
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and are biodegradable to carbon dioxide and water,
PHAs are often described as environmentally friendly
plastics. So far PHAs have attracted industrial atten-
tion as environmentally degradable materials for a
wide range of agricultural, marine, and medical appli-
cations.” The commercially used members of the PHA
family are poly(3-hydroxybutyrate) (PHB) and its co-
polymer poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) [P(3HB-3HV)]. However, practical application of
PHB has often been limited by its brittleness and
thermal instability.> P(3HB-3HV) is a relatively un-
usual copolymer because its 3-hydroxybutyrate (3HB)
and 3-hydroxyvalerate (3HV) units are isodimorphic;
that is, there is similarity in shape and size between
these two units.* Hence, the usual benefits of the co-
polymer are not realized for P(3HB-3HV) because of
its isodimorphism. To obtain new PHAs with prom-
ising properties, a random copolyester, poly(3-hy-
droxybutyrate-co-3-hydroxyhexanoate) [P(3HB-3HHXx)],
was produced by fermentation with advanced recom-
binant biotechnology.” P(3HB-3HHx) has longer side
chains on the backbone than P(3HB-3HV). The X-ray
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crystallinity of P(3HB-3HHX) decreases from 60 to
18% as the 3HHX fraction increases from 0 to 25 mol
%. The tensile strength of the solution-cast films de-
creases from 43 to 20 MPa as the 3HHXx fraction in-
creases from 0 to 17 mol %, and the elongation at break
increases from 6 to 850%.° Therefore, P(3HB-3HHXx)
films are relatively softer and more flexible than those
of PHB.

Polymer blends have been of great interest to ma-
terials scientists because these blends possess im-
proved and modified properties over the individual
constituent polymers. Various polymers are blended
with PHAs to improve their properties, especially for
PHB. These blends include partially biodegradable
blends with poly(vinyl acetate)’ and poly(methyl
methacrylate)® and completely biodegradable blends
with poly(ethylene oxide),” poly(vinyl alcohol),'
polylactide (PLA),'! poly(s-caprolactone) (PCL),'* and
polysaccharides.> The blending of PHAs and other
polymers not only decreases melting point and crys-
tallinity but also reduces cost. Blending has become a
convenient way to obtain new materials with promis-
ing properties suitable for various end-use purposes.

So far, most components in blends containing PHAs
are polymers or macromolecules whose molecular
weights are several thousand or above, for example,
PHB/PCL'* and PHB/poly(p-vinylphenol)."* How-
ever, studies have seldom examined blends consisting
of biodegradable polyesters and small molecules
whose molecular weights are below 1000, although
this is also an important part of understanding misci-
ble mechanisms and the relationship of miscibility and
chain mobility. Generally, small molecules are added
into polymers during industrial processing. These act
as additives, such as fillers, antioxidants, and plasti-
cizers, to improve the thermal stability and rheology
of the polymers. Martin'® found that poly(ethylene
glycol) with a lower molecular weight of 400 was a
good plasticizer of PLA. The addition of poly(ethylene
glycol) significantly decreased the glass-transition
temperature (T,) of PLA and obviously improved the
mechanical properties of blends containing PLA and
thermoplastic starch. Zhu and coworkers'®!” investi-
gated binary blends of catechin and polyesters, includ-
ing PCL, poly(r-lactide) (PLLA), poly(p-lactide)
(PDLA), poly(p,L-lactide) (PDLLA), and poly(3-hy-
droxypropionate), and the results showed that no in-
termolecular hydrogen bonds existed between the
PLAs and catechin at room temperature, unlike the
blend of poly(3-hydroxypropionate) and catechin.
However, weak hydrogen bonds were found in the
quenched PLA/catechin blends. For PLLA, PDLA,
and PDLLA, the steric hindrance of the methyl groups
on the side chains might have restrained the formation
of hydrogen bonds. These authors also investigated
the formation of the interassociated hydrogen bonds
between PCL and 4,4'-thiodiphenol (TDP) as a func-
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Figure 1 Chemical structure of BOH.

tion of composition and temperature. They found that
TDP molecules influenced the molecular motion of
PCL, mainly by lowering its crystallinity rather than
by forming a hydrogen-bonded network with PCL
chains.'®?° Therefore, the effect of polar small mole-
cules on polymers is an interesting topic, especially in
biodegradable polyester. If one investigates the blends
based on biodegradable polyesters and polar small
molecules, the relation of miscibility and chain mobil-
ity can be further understood. At the same time, the
effect of polar small molecules on polymer morphol-
ogy and properties can be also revealed, which may
serve as a guide during practical processing.

As one of a series of studies of the blends of biode-
gradable PHAs and polar small molecules, this study
examined two systems: PHB/4-tert-butylphenol (BOH)
blends and P(3HB-3HHx)/BOH blends. In this study,
the intermolecular hydrogen bonding, miscibility,
crystallization, and thermal stability of the two blend
systems were investigated by FTIR spectroscopy, sol-
id-state '’C-NMR, differential scanning calorimetry
(DSC), wide-angle X-ray diffraction, and thermogravi-
metric analysis (TGA). The effects of differences in the
side-chain length of PHB and P(3HB-3HHXx) on the
chain mobility and formation of intermolecular hydro-
gen bonds were also studied.

EXPERIMENTAL
Materials

PHB was purchased from Aldrich (St. Louis, MO), and
its weight-average molecular weight (M,) was 400—
700 kDa according to the supplier. P(3HB-3HHXx) was
biosynthesized at Tsinghua University in Beijing,
China, with bacteria strain Pseudomonas stutzeri 1371 in
a glucose mineral-salt medium. The molar ratio 3HB/
3-hydroxyhexanoate (3HHXx) (85:15) was determined
with a gas chromatography procedure, which in-
volved dissolution of the P(B3HB-3HHX) in an esterifi-
cation liquid mixture®’ M, of P(3HB-3HHx) was
about 750 kDa. BOH of chemical purity was pur-
chased from Shanghai Chemical Reagent Co., Ltd.
(Shanghai, China). BOH was purified by the recrystal-
lization method before use. Its chemical structure is
shown in Figure 1. The other reagents were used as
received.

Preparation of samples

The blends of PHB and P(3HB-3HHXx) with BOH were
prepared by the dissolution of both polymers and
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BOH in chloroform (CHCI;). The solutions were cast
onto Petri dishes and evaporated at room temperature
to remove the solvent. Finally, the blends were dried
in vacuo at 40°C for 24 h and then kept in a desiccator.
Because the materials were of little practical use when
the BOH content was above 50%, various blends were
prepared, as mentioned previously, with weight ratios
ranging from 90/10 to 50/50, with the latter number
referring to the BOH percentage.

Measurements

A PerkinElmer DSC-7 differential scanning calorime-
ter (PerkinElmer, Boston, MA) was used to study
glass-transition temperature (T,), crystallization, and
melting behavior of the PHB/BOH blends and P(3HB-
3HHx)/BOH blends. The temperature and energy
readings of the instrument were calibrated with in-
dium in the measurements. The specimens were
packed in aluminum pans and heated from —50 to
190°C (run I) at a heating rate of 10°C/min under a
nitrogen atmosphere. The specimens were maintained
at 190°C for 2 min to destroy any residual nuclei
before they were rapidly quenched to —50°C. The
specimens were reheated to 190°C at a heating rate of
10°C/min (run II). The value of the midpoint of the
transition was taken as the T,. The melting tempera-
ture (T,,) and cold crystallization temperature (T,.)
were taken as the peak values of the respective endo-
thermal and exothermal processes in the DSC curves.

Fourier transform infrared (FTIR) spectra were re-
corded on a Nicolet Avatar 360 FTIR spectroscope
(Pittsfield, MA). All spectra were recorded at room
temperature with 32 scans at a resolution of 4 cm™.
Thin films of the samples were cast from the CHCI,
solution onto KBr pellets. The films were dried at
room temperature until CHCl; was completely re-
moved.

High-resolution, solid-state NMR experiments were
carried out at ambient temperature (27°C) on a Varian
Inova high-power, wide-bore, 400-MHz NMR spec-
trometer (Varian Inova, Palo Alto, CA) at resonance
frequencies of 399.7 MHz for 'H and 100.5 MHz for
13C. The samples were placed into 7.5-mm Chemag-
netics pencil rotors. High-resolution, solid-state *C-
NMR spectra were obtained with the technique of a
13C single pulse with 'H decoupling and magic-angle
spinning (DD/MAS). The predelay recycle time was
25.0 s.

WAXD experiments were performed with a Philips
PW 1700 X-ray diffractometer (The Netherlands) with
Cu Ka X-rays with a voltage of 30 kV and a current of
20 mA. The samples for WAXD analysis were pre-
pared by a solution-casting method and isothermal
treatment at 40°C for 48 h for full crystallization.

The thermal stability of the samples was investi-
gated in the temperature range 25-600°C with the
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Figure 2 FTIR spectra of PHB, BOH, and PHB/BOH
blends with different compositions.

PerkinElmer TGA 7 apparatus in a nitrogen atmo-
sphere. The experiments were carried out at a heating
rate of 20°C/min with 10-mg samples.

RESULTS AND DISCUSSION
Hydrogen bonds of both blend systems

As shown in Figure 1, BOH has a phenol hydroxyl
group. Hence, we speculated that BOH could form
hydrogen bonds with PHB and P(3HB-3HHXx) in the
blends because BOH is a proton-donating component
and both PHB and P(3HB-3HHX) are proton-accepting
components. To detect the existence of hydrogen
bonds in the blends, FTIR was used because it is the
most common technique for studying intermolecular
and intramolecular interactions in polymer blends and
complexes. Changes in the intensity and position of
the FTIR peaks resulting from some characteristic
functional groups could be attributed to the existence
of the intermolecular interactions.

Figure 2 shows the FTIR spectra of PHB, BOH, and
PHB/BOH blends. There was a strong and sharp
transmittance band at 1723 cm ™' in the spectrum of
pure PHB, which was attributed to the stretching vi-
brations of crystalline carbonyl groups. The band at
3436 cm ™, attributed to PHB’s hydroxyl end groups,
was very weak. The amorphous carbonyl vibration of
PHB at 1740 cm™' was not clearly observed in the
spectrum.? In the spectrum of pure BOH, the band at
3231 cm ™' was strong and broad, and this was attrib-
uted to the phenol hydroxyl stretching vibration. The
peak was related to hydrogen bonds among the BOH
molecules. Because BOH molecules can form hydro-
gen bonding among themselves, the wave number of
hydrogen-bonded phenol hydroxyl groups is obvi-
ously smaller than those of free hydroxyl groups
(>3600 cm ') and the hydroxyl groups of dimer hy-
drogen bonds (3400-3500 cm ™ 1).
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Figure 3 FTIR spectra of PHB and PHB/BOH blends with
different compositions in the carbonyl region: (a) pure PHB
and (b) 90/10, (c) 70/30, and (d) 50/50 PHB/BOH.

For PHB/BOH blends with compositions of 90/10
and 70/30, the band of the PHB component at 3436
cm™ ! became obviously stronger, although its position
hardly shifted. Because there were very few hydroxyl
end groups in the PHB component, its contribution to
the 3436-cm ™! peak may have been negligible, so the
change in the intensity of the band at 3436 cm ™' may
have mainly originated from BOH. As the BOH con-
tent in the blends reached 50%, the hydroxyl band
shifted, and its wave number decreased from 3436 to
3248 cm™'. This result suggests that the hydroxyl
groups of BOH molecules took part in the formation of
intermolecular hydrogen bonds with the carbonyl
groups of PHB, causing its wave number to decrease.
Moreover, the intensity of the band at 3248 cm ™! was
also relatively stronger, which implied that the
amount of BOH causing intermolecular interaction
increased. Because the wave number of the phenol
hydroxyl groups in pure BOH was lower, the inter-
molecular hydrogen bonds between the PHB and
BOH components were relatively weaker than those
of pure BOH. As shown in Figure 2, with increasing
BOH content, the intensity of the band at 1278 cm ™'
gradually weakened. When the BOH content was 50%,
the band at 1278 cm ™! disappeared, and two new
bands were observed in the spectrum at 1292 and 1263
cm ™', The bands at 1278 cm ™' were crystalline sensi-
tive. In the spectrum of crystalline PHB, the band at
1278 cm ™' was noticeably present, although it was not
present in the spectrum of amorphous PHB.* The
result suggests that the hydrogen bonds existing in the
blends suppressed the crystallization of the PHB com-
ponent.

Figure 3 shows the FTIR spectra of PHB and the
PHB/BOH blends with different compositions in the
carbonyl region. Their peak width clearly decreased as
BOH content increased. The crystalline carbonyl peak
of the PHB component still remained at 1723 cm ™ *, the

739

same as that of pure PHB. However, the intensity at
about 1723 cm ™! gradually increased relative to that of
the amorphous carbonyl band at 1740 cm™'. The
amorphous carbonyl peak shifted slightly to a lower
wave number. This suggested that intermolecular hy-
drogen bonding took place in the amorphous region of
the carbonyl groups rather than in the crystalline car-
bonyl groups at 1723 cm ™' because, as discussed
above, the intensity of the crystalline-sensitive band at
1278 cm ™! decreased with increasing BOH content.
Figure 4 shows the FTIR spectra of P(3HB-3HHXx),
BOH, and P(3HB-3HHx)/BOH blends with different
compositions in the hydroxyl region. For P(3HB-
3HHXx), no clear hydroxyl transmittance was observed
in this region. Consequently, any changes in the re-
gion were directly attributed to changes such as inter-
molecular interaction in the environments of the BOH
hydroxyl groups. In the FTIR spectra of the P(3HB-
3HHx)/BOH blends, a new broad band was evident
in the hydroxyl region, and its position shifted to
lower wave numbers as the BOH content increased.
When the BOH content increased from 10 to 50%, the
position of the band dropped from 3469 to 3445 cm ™!,
and the value of its wave number decreased about 24
cm ™' This was a result of intermolecular hydrogen
bonds, which were caused by the hydroxyl groups of
the BOH component and the carbonyl groups of the
P(3HB-3HHx) component. By comparing the position
of the hydrogen-bonded hydroxyl band in both blend
systems of the same composition, we found that PHB
(3436-3248 cm™ ') could form stronger hydrogen
bonds with BOH than could P(3HB-3HHXx) (3469-3445
cm™'). Presumably, this was induced by the steric
hindrance effect of the longer side chains in P(3HB-
3HHXx). For PHAs, longer side chains might hinder,
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Figure 4 FTIR spectra of P(3HB-3HHx), BOH, and P(3HB-

3HHx)/BOH blends with different compositions in the hy-
droxyl region.
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Figure 5 FTIR spectra of P(3HB-3HHx) and P(3HB-
3HHx)/BOH blends with different compositions in the car-
bonyl region: (a) pure P(3HB-3HHXx) and (b) 90/10,(c) 70/30,
and (d) 50/50 P(3HB-3HHx)/BOH.

not restrain, the formation of intermolecular hydrogen
bonds. This result was different from that of a previ-
ous 1.‘eport.16

Figure 5 shows the FTIR spectra of the P(3HB-
3HHx) and P(3HB-3HHXx)/BOH blends with different
compositions in the carbonyl region. BOH showed no
transmittance in this region. For pure P(3HB-3HHX), a
strong and broad carbonyl band was evident in the
region, which consisted of crystalline (1730 cm ') and
amorphous (1745 cm™') stretching vibrations. How-
ever, for P(3HB-3HHx)/BOH blends, the band grad-
ually became sharper as BOH content increased. As
BOH content in the blends rose above 30%, the band
focused on the position of 1737 cm™'. The absence of
a crystalline carbonyl peak after blending with BOH
might be explained by suppression of its crystalliza-
tion. At the same time, the amorphous carbonyl
groups participate in intermolecular hydrogen bond-
ing, causing the wave number of the amorphous car-
bonyl band to decrease from 1745 to 1737 cm™ . For
both blend systems, no new bands caused by intermo-
lecular hydrogen bonds were observed at lower wave
numbers, indicating that intermolecular hydrogen
bonds between the two components were weak.

High-resolution, solid state '>C-NMR is another
powerful tool for investigating intermolecular hydro-
gen bonds. In general, hydrogen bonds can result in
chemical shifts of the carbonyl resonance and the hy-
droxyl resonance. In blends of PCL and TDP, a signif-
icant downfield shift of about 2 ppm was observed for
the carbonyl resonance.** DD/MAS ">C-NMR spectra
of the PHB/BOH and P(3HB-3HHx)/BOH blends
with different compositions are shown in Figure
6(a)b). Assignments and chemical shifts of PHB,
P(3HB-3HHXx), and BOH are also shown in Figure 6
and Table I. The small peaks with a star symbol were
from the Teflon background of the probe.
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Figure 6 DD/MAS ">C-NMR spectra of (a) PHB/BOH
blends and (b) P(B3HB-3HHx)/BOH blends with different
compositions.

After blending with BOH, the chemical shifts of the
PHB and P(3HB-3HHx) components were hardly af-
fected. The largest observed shift was the carbonyl
resonance of P(3HB-3HHXx), which was only 0.5 ppm.
However, the line shape of the DD/MAS NMR reso-
nances for the PHB and P(BHB-3HHX) components
was obviously changed, especially for the P(3HB-
3HHx) component. As seen in Figure 6, many over-
lapped peaks were clear in the spectra with increasing
BOH content, for example, for the methine groups of
P(3HB-3HHXx) [Fig. 6(b)]. Table II shows the line width
of the methine resonance in both blends systems. The

TABLE 1
Chemical Shifts of PHB, P(3HB-3HHx), and BOH
Components in the Blends with Different Compositions

P(3HB-3HHx)/BOH

PHB/BOH (ppm) (ppm)
Sample =0 C—OH =0 C—OH
100/0 168.7 — 168.5 —
90/10 168.8 153.6 168.7 154.1
70/30 168.9 153.5 168.8 154.0
50/50 168.9 153.5 169.0 153.8
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TABLE 1I
Line Width (Hz) of Backbone Methine Resonance for
PHB/BOH Blends and P(3HB-3HHx)/BOH
with Different Compositions

CH (at 67.4 ppm)

Sample PHB/BOH P(3HB-3HHx)/BOH
100/0 216.0 220.1

90/10 179.4 143.0

70/30 1441 69.9

50/50 161.7 419

Line broadening = 1 Hz.

line width of the methine resonance in both blend
systems decreased remarkably with increasing BOH
composition. When the BOH content was above 30%
in the P(3HB-3HHx)/BOH blends, the solid-state *C-
NMR spectra showed some characteristics of liquid
NMR spectra. The smaller the values of the line width
were, the more flexible the molecular chains were.
Hence, the results indicate that the chain mobility of
both polyesters in the blends was improved.

In addition, the DD/MAS NMR resonances of each
of the methyl groups in PHB and P(3HB-3HHXx) com-
ponents were split into two peaks (Fig. 7): the one at
20.2 ppm was attributed to crystalline methyl groups;
the other at 19.0 ppm was attributed to amorphous
methyl groups. With increasing BOH content, the rel-
ative intensity of amorphous methyl groups increased
significantly, whereas that of the crystalline methyl
groups decreased remarkably. This was more obvious
in the P(3HB-3HHx)/BOH blends. The results imply
that the crystallinity of the PHB and P(3HB-3HHXx)
components decreased with increasing BOH content
and that intermolecular hydrogen bonds seriously

PHB/BOH P(3HB-3HHx)/BOH

crystalline .
amorphous crystalline
50/50
th -
L 90/10
LA EL I SRR M
0 25 20 15 10

amorphous

100/0

LI L HL A AL B

3 5 26 20 15 10 5

Chemical shift (ppm)

Figure 7 Methyl resonance in the '*C-NMR DD/MAS
spectra of PHB/BOH blends and P(3HB-3HHx)/BOH
blends with different compositions.
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Figure 8 DSC curves of (a) PHB/BOH blends and (b)
P(BHB-3HHx)/BOH blends during the first heating run.

hindered the crystallization of the polymers. In the
spectra of the P(3HB-3HHXx)/BOH blends, a new peak
at 17.7 ppm, attributed to the methylene groups of the
3HHXx unit, was observed (Fig. 7). This was another
indication that chain mobility improved, so the fine
resonance was detected.

Miscibility of both blend systems

It is well known that T, of polymer blends is one of the
most important criteria in the miscibility of the com-
ponents. For binary blends, if the components are
miscible at the level 5-10 nm in the main chain, usu-
ally only one T, will appear in DSC thermograms at an
intermediate temperature compared to that of the T,
value of each pure polymer.” Therefore, thermal chat-
acterization of polymer blends is necessary to deter-
mine their miscibility.

Figure 8(a,b) shows the DSC curves of the PHB/
BOH and P(BHB-3HHx)/BOH blends with different
compositions during the first heating run. The DSC
curves of pure PHB and pure P(3HB-3HHXx) exhibited
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double melting peaks, which resulted from the prep-
aration of samples and heat treatment. The melting
peak at the lower temperature was attributed to the
melting of the cast crystalline film. An exothermal
peak arising from dynamic recrystallization during
the heating should have existed between the two en-
dothermal peaks. Another endothermal peak appear-
ing at the higher temperature was attributed to the
melting of the recrystallized component.”® Hence, it
was reasonable that the lower endothermal peak was
the actual T, of the cast films. A broad melting shoul-
der was observed between 60 and 80°C in the DSC
curves of pure P(3HB-3HHXx), which reflected its pre-
melting behavior.”” Premelting corresponds to an in-
termediate state between the ordered crystalline and
amorphous states.”” In addition, no obvious glass
transition was observed in any of the DSC heating
curves, presumably because of high crystallinity that
rendered detection difficult. BOH appeared as a white
crystal powder, and its DSC curve also exhibited two
melting peaks. The strong melting peak at the lower
temperature of about 101.8°C was its T,,; the other
weak peak was attributed to the melting of recrystal-
lization resulting from the imperfect crystals of BOH.

As seen in Figure 8(a), the T,,’s of the PHB/BOH
blends gradually decreased as BOH content in the
blends increased, and their melting enthalpies (AH,,)
clearly fell. Table III lists the T,,’s and melting enthal-
pies of the PHB/BOH and P(3HB-3HHx)/BOH blends
inrun L. T,, of pure PHB was about 176.8°C. When the
BOH content in the blends increased from 10 to 30%,
T,,’s of the PHB component decreased from 171.3 to
156.5°C. Meanwhile, the melting enthalpy of the PHB
component decreased from 77.7 to 48.5 ] /g. When the
BOH content was 30%, only the melting peak of PHB
was shown in the DSC curve, indicating that BOH was
dispersed into the polyester and was hardly crystal-
lized. As the BOH content increased to 50%, the melt-
ing peak of the PHB component almost disappeared,
and a melting peak attributable to the melting of BOH
crystals was observed at 88.4°C; some crystalline BOH
could be seen on the surface of the cast film, implying
that excess BOH molecules were excluded from the
polymer. The intermolecular hydrogen bonds not only
suppressed the crystallization of the polyester but also
hindered the crystallization of BOH.

Meanwhile, T,,’s of the P(3HB-3HHx)/BOH blends
decreased slightly as BOH content increased [Fig.
8(b)], compared with those of the PHB/BOH blends
with the same compositions. When the BOH content
was increased from 0 to 50%, T,,’s of P(3HB-3HHXx)
decline only from 102.3 to 95.5°C (as shown in Table
III). In addition, no melting peak attributable to BOH
was observed in any of the DSC curves of the P(3HB-
3HHx)/BOH blends, even when the BOH content in
the blends was 50%. This further supported the sug-
gestion that because of its lower crystallinity, P(3HB-
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Figure 9 DSC curves of (a) PHB/BOH blends and (b)
P(3HB-3HHXx)/BOH blends during the second heating run.

3HHXx) formed more hydrogen bonds with BOH than
PHB, although these bonds may have been weaker.

After the first heating, the samples were quenched
to —50°C and heated again to 190°C for the second
run. The DSC results for run Il show that the T, values
in both blend systems clearly decreased with BOH
content [as shown in Fig. 9(a,b) and Table III]. This
means that both blend systems were miscible in the
melt state. The decrease in T, indicated an increase in
the chain mobility of polymers because the segments
of the polymers could be mobile at lower tempera-
tures.” This also suggested that the addition of BOH
remarkably improved the chain mobility of the poly-
esters, which is in accordance with the previous solid-
state ">C-NMR results. The changes in T, could be
attributed to the formation of intermolecular hydro-
gen bonds in the blends. Because of the existence of
intermolecular hydrogen bonds, BOH might have
been physically grafted onto the chains of the polyes-
ters. Moreover, its great steric effect favored the sep-
aration of the twisted chains of the polymers. Hence,
BOH was dispersed into the polyesters after it was
blended with polymers and acted as a plasticizer by
increasing the flexibility of the PHB and P(3HB-3HHXx)
chains, as observed by the decrease in T,.
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TABLE III
DSC Data of PHB/BOH Blends and P(3HB-3HHx)/BOH Blends with Different Compositions
Run I Run II

Sample T, (°C) AH,, (/8) T, (°O) T (°O) T,, (°C) AH,, (/8)
PHB 176.8 81.7 1.2 47.5 171.2 80.2
PHB/BOH 9/1 171.3 77.7 —27 449 166.0 79.9
PHB/BOH 7/3 156.5 48.5 —11.6 40.5 149.9 53.3
PHB/BOH 5/5 88.4 447 —23.2 420 — —
P(3HB-3HHXx) 102.3 354 —41 66.0 103.9 18.0
P(3HB-3HHx)/BOH 9/1 99.6 314 —6.6 59.5 99.0 12.4
P(3HB-3HHx)/BOH 7/3 97.8 242 —8.2 — 100.3 3.6
P(3HB-3HHx)/BOH 5/5 95.5 9.9 -11.7 — — —

During the second heating run, cold crystallization
peaks were observed in the DSC curves of the PHB/
BOH and P(3HB-3HHx)/BOH blends, and they grad-
ually shifted to lower temperatures as the BOH con-
tent in the blends increased [Fig. 9(a,b) and Table III].
Generally, cold crystallization may have taken place at
a high enough temperature above the T, of the poly-
mer, where the crystallizable polymer chains had
enough segmental mobility to crystallize.*® For the
PHB/BOH blends, their T,’s clearly decreased,
whereas T../s of the P(3HB-3HHx)/BOH blends de-
creased slightly. Cold crystallization mainly resulted
from the inability of all of the crystallizable chains to
crystallize fully during the cooling cycles. The remain-
ing chains could recrystallize again when the seg-
ments regained mobility on heating above T,. Conse-
quently, the decease in T, could also be explained by
consideration of the chain mobility. The addition of
BOH improved the flexibility of the PHB and P(3HB-
3HHx) components and promoted their chain mobil-
ity so that their crystallization could take place at
lower temperatures when they were heated from the
amorphous state. Thus, the tendency of T, was similar
to that of T,. However, for the P(3HB-3HHx)/BOH
blend with a 70/30 composition, the cold crystalliza-
tion peak almost disappeared in the DSC curve, which
implied that the crystallization of the P(3HB-3HHX)
component was almost completed during quenching.

The PHB/BOH and P(3HB-3HHx)/BOH blends
showed different melting behavior in run II compared
with run I. With increasing BOH content in the blends,
the melting peaks of the PHB/BOH blends gradually
decreased. Pure PHB and the PHB/BOH blends with
a 90/10 composition showed a single melting peak
instead of multiple melting peaks in run I, indicating
that their crystallization began from a homogeneous
phase. When the BOH content reached 30%, the melt-
ing curve showed double melting peaks. The melting
peak became a wide plateau as the BOH content in-
creased. For the P(BHB-3HHx)/BOH blend with a
90/10 composition, the DSC curve showed double
melting peaks. The melting peak at the lower temper-
ature was stronger, whereas the peak at the higher

temperature was weaker, which was also the result of
recrystallization. When the BOH content in the P(3HB-
3HHx)/BOH blends reached 50%, no melting peak
was observed [Fig. 9(b)], which corresponded to the
absence of cold crystallization during heating. The
results imply that the P(3HB-3HHx) blend with a
50/50 composition was completely in an amorphous
state. Therefore, blending BOH with PHB and P(3HB-
3HHXx) not only improved chain flexibility but also
changed the semicrystalline polymer into a fully
amorphous elastomer when BOH content was high
enough. In addition, no melting peak corresponding
to the BOH component was detected in any of the DSC
melting curves shown in Figure 9. This also supported
the view that BOH was miscible with PHB and P(3HB-
3HHXx) in the melt so that its crystallization was fully
suppressed.

Crystallization of both blend systems

To further study the effects of BOH on the PHB and
P(3HB-3HHx) components, the crystalline structures
of both blend systems were studied by WAXD. The
X-ray diffraction patterns of the PHB/BOH and
P(3HB-3HHx)/BOH blends are shown in Figure
10(a,b). Although P(3HB-3HHX) is a copolyester con-
taining 3HB and 3HHX units, only one crystalline form
of the P(3HB) lattice was observed in the diffraction of
P(BHB-3HHx) because of the lower content of the
3HHXx unit [Fig. 10(b)]. Hence, the diffraction peaks of
pure PHB and pure P(3HB-3HHx) were similar, but
the diffraction peaks of pure PHB showed more reg-
ularity than that of P(3HB-3HHX). In the diffraction of
pure PHB, the diffraction peaks of (021), (101), and
(111) were three independent peaks that merged to
form a broad peak. They become a broad overlapped
peak in the diffraction of pure P(3HB-3HHXx). This
meant that the PHB crystals were better than those of
P(3HB-3HHYXx). In the diffractions of both blend sys-
tems, the diffraction peaks of the PHB and P(3HB-
3HHx) components decreased. Their peak width rose
as BOH content increased, which meant that the crys-
tallinity of the PHB and P(BHB-3HHXx) components
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Figure 10 WAXD profiles of (a) PHB/BOH blends and (b)
P(BHB-3HHx)/BOH blends with different compositions.

decreased, and their crystal regularity also became
weak. However, the d-spacing values of the PHB and
P(3HB-3HHx) components were constant for all crys-
tallographic planes, which indicated that the PHB and
P(3HB-3HHx) unit cells were not changed. In the
blends, the BOH molecules were excluded from the
crystal lattice of PHB and P(3HB-3HHYXx), so they re-
mained in the amorphous region. Thus, hydrogen
bonding only took place in the amorphous region
between the carbonyl groups of the polyesters and the
hydroxyl groups of BOH. When the BOH content in
the blends was above 30%, the diffraction peaks of the
BOH components were observed. When the relative
intensities of the diffraction peaks were compared,
that of BOH in the P(3HB-3HHx) component was
found to be obviously stronger than that in the PHB
component, indicating that the crystallization of the
P(3HB-3HHx) component was more intensively sup-
pressed by BOH than that of PHB. When the BOH
content in the blends reached 50%, the PHB compo-
nent could still crystallize, whereas the diffraction
peaks of the P(3HB-3HHx) component almost disap-
peared (Fig. 10). The P(3HB-3HHx)/BOH blend with a
50/50 composition became a fully amorphous elas-
tomer, in agreement with the DSC results.

CHEN, YU, AND CHEUNG

Thermal stability of both blend systems

Figure 11(a,b) shows the TGA curves of the PHB/
BOH and P(3HB-3HHx)/BOH blends decomposed in
a nitrogen atmosphere. As shown, the weight loss of
pure PHB and pure P(3HB-3HHX) occurred in one
step in the temperature range from 250 and 320°C, and
the thermal stability of pure P(3HB-3HHx) was better
than that of pure PHB, as reported in previous
study.?® Their thermal decomposition temperatures at
the onset of weight loss (T,,.¢'S) were 266 and 287°C,
respectively. For the PHB/BOH and P(3HB-3HHXx)/
BOH blends, when the BOH content was above 30%,
both blend systems showed a two-step process, which
resulted from the thermal decomposition of BOH. The
addition of BOH slightly improved the thermal stabil-
ity of the PHB components, especially when the BOH
content was lower. With 10% BOH, the PHB/BOH
blend showed a one-step process of thermal decom-
position, and its T, was 274°C. Its thermal decom-
position temperature increased about 8°C compared
to that of pure PHB. However, the thermal decompo-
sition temperatures of the P(3HB-3HHx)/BOH blends
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Figure 11 TGA curves of (a) PHB/BOH blends and (b)
P(BHB-3HHx)/BOH blends with different compositions de-
composed in nitrogen: (1) 100/0, (2) 90/10, (3) 70/30, and (4)
50/50.
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were hardly affected by the addition of BOH. In ad-
dition, the rate of thermal decomposition was higher
for the P(3HB-3HHXx) component relative to that of the
PHB component because its range of thermal decom-
position was narrower. When one considers that ther-
mal decomposition of P(BHB-3HHXx) occurred at
higher temperatures, the higher temperature was the
primary factor resulting in the increase in the thermal
decomposition rate of the P(3HB-3HHXx) component.

CONCLUSIONS

FTIR results show that there existed intermolecular
hydrogen bonds in the PHB/BOH and P(3HB-
3HHx)/BOH blends that were mainly between the
carbonyl groups in the amorphous phase of the PHB
and P(3HB-3HHx) components and the hydroxyl
groups of BOH. P(3HB-3HHXx) had a lower crystallin-
ity than PHB in the blends and so formed intermolec-
ular hydrogen bonds more easily with BOH. How-
ever, the intermolecular interaction between P(3HB-
3HHx) and BOH was weaker than that between PHB
and BOH because of the steric hindrance of longer
3HHXx side chains. In the solid-state ">*C-NMR reso-
nances of both blend systems, the resonance shapes of
the PHB and P(BHB-3HHx) components became
sharper and their line width decreased, which implied
that the addition of BOH improved the chain mobility
of the polyesters. Single T, values indicated that both
blend systems were miscible in the melt in the inves-
tigated composition range. After quenching, T.., T,
and the melting enthalpy of the PHB and P(3HB-
3HHx) components substantially decreased and ap-
proached zero at about 50% BOH, especially for the
P(3HB-3HHx) component. This meant that the crystal-
lization of both polyesters was suppressed after blend-
ing with BOH. The effect of BOH on PHB and P(3HB-
3HHXx) was not only to improve their chain flexibility
but also to change the semicrystalline polymer in the
pure state into a fully amorphous elastomer if the
BOH content was high enough. Although the crystal-
linity of the PHB and P(3HB-3HHx) components de-
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creased after blending with BOH, their crystalline
structures were not changed, which was proven by the
WAXD results. The TGA results show that P(3HB-
3HHx) was more stable in nitrogen than PHB, and a
smaller amount of BOH could retard the thermal de-
composition of PHB.

The authors thank Qingan Meng for acquiring NMR data.
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