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SYNOPSIS

Compatibility of a crystalline/crystalline polymer blend, poly(vinyl alcohol) (PVA)/poly(3-
hydroxybutyrate) (PHB), was studied by high-resolution solid-state **C-NMR spectroscopy.
The 'H T, measurement demonstrated that both the compatibility and the domain size
depend on the composition of the blend. The PVA/PHB blend is compatible only when
the blend contains a large amount of PVA. The domain sizes of the compatible blend are
less than 200 A. In the pulse saturation transfer (PST) MAS NMR spectra, the carbonyl
carbon resonance from PHB showed a downfield shift, which indicates that the compatibility
of the PVA/PHB blends is due to the hydrogen-bonding interaction in the amorphous
phase. The DSC measurement showed that the compatible blends adopt low crystallinity
for both PHB and PVA. The crystallization in these blends is likely to be disturbed by the
hydrogen-bonding interaction in the amorphous phase. The compatibility of PVA/PHB is
also affected by the tacticity of PVA. The compatible composition range of the syndiotactic-
rich PVA/PHB blend is wider than that of the atactic-PVA/PHB blend. It is likely that
the capacity to form the hydrogen bond depends on the tacticity of PVA. © 1995 John Wiley

& Sons, Inc.

INTRODUCTION

A Dbacterially synthesized polyester, poly(3-hy-
droxybutyrate) (PHB), is thermoplastic with a high
degree of crystallinity. General characteristics of this
polyester are comparable to those of isotactic poly-
propylene.! Bacterial P(3HB) has the advantage of
optical activity, biodegradability, and biocompati-
bility.}® Thus, this polyester has much potential in
applications such as surgical sutures, long-term car-
riers for drugs, and molded plastics. Stiffness and
brittleness, however, disturb its utilization as a
plastic material.

To obtain PHB-related materials with high
mechanical performance, research on finding
polymers suitable to be mixed with PHB is being
widely carried out. PHB is miscible with poly-
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(ethylene oxide) (PEO),*® poly(vinyl acetate)
(PVAc),® poly(vinylidene fluoride) (PVDF),” and
poly(epichlorohydrin) (PECH).2 PEO is biode-
gradable, but PVAe¢, PVDF, and PECH are not
biodegradable. Thus, PHB/PVAc¢, PHB/PVDF,
and PHB/PECH should show only partial bio-
degradability.

We focus on the biodegradable polymers as a
partner of the PHB blend. In a previous article,” we
reported the compatibility of atactic-PVA/PHB
blends. Atactic PVA and PHB are both biodegrad-
able crystallizable polymers. We observed the co-
existence of the compatible amorphous phase with
the crystalline phases of individual component
polymers. The aim of this study was to make clear
more detailed characteristics of the PVA/PHB
blend. We discuss the attracting interaction between
PVA and PHB and the composition dependence of
this interaction. The domain size of the compatible
PVA/PHB blend will be also discussed. The prin-
cipal tool of our investigation is high-resolution
solid-state NMR methods, which are powerful for
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the analysis of the structure and the interactions
between component polymers.

Blends of PHB with syndiotactic-rich PVA are
also investigated. It has been known that the stereo-
regularity of a component polymer influences the
compatibility of the polymer blend.!%-13

EXPERIMENTAL

Samples

PHB (M, 360,000) was purchased from Wako Pure
Chemical Industries, Ltd. Atactic PVA (a-PVA, de-
gree of polymerization 2000, degree of saponification
99%) was purchased from Nacalai Tesque. Syndi-
otactic-rich PVA (s-PVA, degree of polymerization
1690, degree of saponification 99.9%) was kindly
supplied by Kuraray Co., Ltd. Tactisities of PVAs
were determined by 67.9 MHz *C-NMR spectros-
copy.!* The triad tactisities are listed in Table 1.

PVA/PHB blends were prepared by casting from
hexafluoroisopropanol (HFIP), which was kindly
donated by Central Glass Co., Ltd. The films were
completely dried under vacuum at 60°C to constant
weight.

DSC Experiments

DSC thermal data were recorded on a Seiko DSC-
20 equipped with an SSC-570 thermal controller.
The films were heated from room temperature to
300°C at a heating rate of 10°C min~'. The melting
temperatures shown in this article are taken as the
peak position.

NMR Experiments

High-resolution solid-state *C-NMR spectra were
obtained at 67.9 MHz on a JEOL GSX-270 spec-
trometer equipped with a cross-polarization/magic
angle spinning (CPMAS) accessory. *C-CP MAS
NMR spectra were measured with a 2 ms contact

Table I Triad Tacticity of PVA

Triad®*/%
mm mr T T,./°C
a-PVA 22 50 28 224.0
s-PVA 15 50 35 246.1

* mm, mr, and rr indicate isotactic, heterotactic, and syndio-
tactic triads, respectively.

time, a 10-30 s pulse repetition, a 27 kHz spectral
width, 8K data points, and 400-1000 accumulations.
All spectra were acquired with high-power dipolar-
decoupling (DD) of ca. 60 kHz and MAS at 4.8-5.5
kHz. *C chemical shifts were calibrated indirectly
by the methyl resonance of solid hexamethylbenzene
(17.6 ppm relative to tetramethylsilane).

For the observation of the structures in the
amorphous phase, pulse saturation transfer (PST)
MAS NMR spectra’® were measured. In an NMR
experiment, pulse saturation of 'H spins induces
nuclear Overhouser enhancement in *C resonances.
This enhancement is more effective in a relatively
mobile phase. Thus, the PST MAS NMR measure-
ment emphasizes '3C resonances in the amorphous
phase relative to those in the crystalline phase. PST
MAS NMR spectra were measured with a 10-30 s
pulse repetition time and 1600-2000 accumulations.
To obtain accurate shifts, 13C chemical shifts were
calibrated by the methyl resonance of internal solid
hexamethylbenzene.

'H spin-lattice relaxation times were determined
by a *H (180°),-7-(90°), pulse sequence followed by
cross polarization to *C magnetization.!® Overlap-
ping peaks were resolved by using the LAB ONE
NMR 1 program (New Methods Research, Inc.) for
spectral analysis.

RESULTS

Thermal Analysis

Figure 1 shows DSC thermograms of 50/50 (wt/wt)
PVA/PHB blends. Every blend is characterized by
three distinct endothermic peaks, representing the
fusion of PHB crystals, the fusion of PVA crystals,
and the decomposition of PHB chains in order of
increasing temperature. The difference of the melt-
ing temperatures of the PVA crystals in the two
blends reflects the character of pure PVAs. The
melting temperature of pure s-PVA is about 20°C
higher than that of a-PVA (see Table I and Figs. 2
and 3). Glass transition temperatures were not ob-
served because of the high crystallinity of the com-
ponent polymers.

The variations in melting temperature (7',,) and
heat of fusion (J per g of component, PHB or PVA)
(AH)) with blend composition are shown in Figures
2 and 3. Two blend systems, a-PVA/PHB and s-
PVA/PHB, show similar variations in T, and AH}.
The T,, of the PHB phase slightly decreases with
increase of the PVA content in both of the a-PVA/
PHB and s-PVA/PHB blends, while the T, of the
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Figure 1 DSC thermograms of 50/50 a-PVA/PHB and 50/50 s-PVA/PHB blends.

PVA phase remains constant. It is likely that PHB
and PVA crystallize separately. The morphology of
PVA crystals in the blends is considered to be the
same as those before blending, while the lamellar of
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Figure 2 Composition dependence of melting temper-
ature and heat of fusion of (O) a-PVA and (®) PHB in a-
PVA/PHB blends.

PHB become thinner in the blends than in the pure
PHB. The peak representing the fusion of PHB
crystals was not observed for the blends containing
more than 70 wt % PVA.
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Figure 3 Composition dependence of melting temper-
ature and heat of fusion of (O) s-PVA and (@) PHB in s-
PVA/PHB blends.
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The AH; of the PHB phase decreases with the
increase of the PVA content in both of the blends.
Extrapolation of AH; vs. the composition curve in-
dicates that AH; of the PHB phase becomes 0 for
the blends containing more than 75 wt % PVA.
Thus, no PHB crystals were formed in the blends
containing more than 75 wt % a-PVA or s-PVA.
The AH; of the s-PVA phase show about a 15% de-
crease with the decrease of the s-PVA content from
100 to 25 wt %. It is noteworthy that the blends
containing 80-97.5 wt % s-PVA exhibit a peculiar
small AH, value of the s-PVA phase. In these blends,
the crystallinity of s-PVA and PHB should be re-
duced due to some specific interactions between s-
PVA and PHB. If s-PVA and PHB are phase-sep-
arated, there is no interaction between them. Thus,
the decrease of the crystallinity indicates partial
compatibility of these blends. The AH; value of the
a-PVA phase could not be estimated from the DSC
thermograms because of the overlapping of the peaks
of the fusion of a-PVA crystals and the decompo-
sition of PHB chains. Thus, we cannot tell whether
the crystallinity of a-PVA also decreases in the a-
PVA/PHB blends containing a large amount of a-
PVA. However, the data shown below suggests the
existence of a similar interaction between PHB and
a-PVA. A specific interaction between PVA and
PHB will be discussed in the following sections.

Specific Interaction in the Crystalline Phase

If PVA and PHB form a compatible polymer blend,
the driving force of the mixing is considered to be
an intermolecular hydrogen-bonding interaction
between the carbonyl oxygen of PHB and the hy-
droxyl hydrogen of PVA. For the investigation of
the hydrogen-bonding interaction, high-resolution
solid-state *C-NMR spectroscopy is a powerful tool.
In general, *C nuclei participating in hydrogen
bonds exhibit more or less characteristic downfield
shifts.!™'? In the case of PVA/polyvinylpyrrolidone
(PVP) blends,® the formation of the hydrogen-
bonding interaction between the carbonyl oxygen of
PVP and the hydroxyl hydrogen of PVA results in
the downfield shift of about 2 ppm in the carbonyl
carbon resonance.

Figure 4 shows 3C-CP MAS NMR spectra of
PVA/PHB blends. CP MAS NMR spectra empha-
size the resonances from *C nuclei in the crystalline
phase. Thus, the hydrogen-bonding interaction in
the crystalline phase can be discussed based on the
13C chemical shift of the carbonyl carbon observed
in the CP MAS NMR spectra. In the CP MAS NMR
spectra of the blends, the carbonyl resonance from

PHB is positioned at ca. 170 ppm and is well resolved
from other resonances.

The chemical shift of the carbonyl carbon reso-
nance is independent of the composition for both a-
PVA/PHB and s-PVA/PHB blend systems. Thus,
we found no detectable hydrogen-bonding interac-
tion between the carbonyl oxygen of PHB and the
hydroxyl hydrogen of PVA in the crystalline phase.
In these blends, PHB and PV A are expected to crys-
tallize following the phase separation of these poly-
mers. Each component polymer forms separate la-
mellae. There are no mixed lamellae containing both
PVA and PHB. Little variation of the melting tem-
peratures of component polymers with blend com-
position also supports this result (see Figs. 2 and 3).
Considering that cocrystallization in a single lattice
is extremely rare for polymer blends, this result is
quite reasonable.

It should be noted that the relative intensity of
this resonance, in comparison with the PHB content
in the blend, becomes small with increase of the PVA
content, which indicates decrease of the crystallinity
of the PHB phase. This result is consistent with the
observation of the heat of fusion (see Figs. 2 and 3).

Specific Interaction in the Amorphous Phase

The structures in relatively mobile (amorphous)
phases were investigated by *C-PST MAS NMR
spectroscopy. Figure 5 shows carbonyl carbon res-
onances in *C-PST MAS NMR spectra of PVA/
PHB blends. The carbonyl resonance shows a sig-
nificant downfield shift for the blends. Figure 6
shows the shift variation of this resonance with
blend composition. The downfield shift was observed
for the composition range between 80 and 95 wt %
a-PVA or s-PVA, indicating the formation of the
hydrogen bonds between the carbonyl oxygen of
PHB and the hydroxyl hydrogen of PVA. This hy-
drogen-bonding interaction should cause the com-
patibility between PVA and PHB in the amorphous
phase. The downfield shift becomes larger as the
PVA content increases. No downfield shift was ob-
served for the blends containing less than 75 wt %
PVA. Thus, the hydrogen-bonding interaction
should become denser with increase of the PVA
content. The compatibility between PVA and PHB
improves as the PVA content increases. The behav-
ior of the a-PVA/PHB blend is consistent with the
results of the previous work.’

A ’C-PST MAS spectrum emphasizes the reso-
nances from the amorphous phase, but contains the
contributions from *C included in the crystalline
phase. Although the resonances from the crystalline
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Figure 4 *C-CP MAS NMR spectra of PHB, a-PVA, s-PVA, and their blends. (¢) in-
dicates spinning side band. (%) indicates the peak ascribed to the sample tube.

phase exhibit small peaks relative to the total num- by the peaks of the crystalline phase for highly crys-
ber of 3C nuclei in the crystalline phase, the infor- talline samples. Thus, it is probable that the down-
mation on the amorphous phase is often screened field shift of the amorphous peak is hidden by the
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Figure5 Carbonyl carbon resonances of *C PST MAS NMR spectra of PHB and blends
with a- and s-PVA. () indicates the peak ascribed to the sample tube.

crystalline peak in the blends containing the highly
crystalline PHB. The formation of the PHB crys-
talline phase in the blends containing a large amount
of PHB was certainly indicated by the DSC ther-
mograms. Thus, the hydrogen-bonding interaction
may also be formed in the blends containing less
than 75 wt % PVA.

A slightly more downfield shift was observed for
the s-PVA/PHB blend than for the a-PVA/PHB
blend. The hydrogen-bonding interaction between
s-PVA and PHB is stronger than that between a-
PVA and PHB. It is likely that this result reflects

that the capacity to make the hydrogen bond differs
with the tacticity of PVA. More hydrogen bonds are
formed between s-PVA and PHB than between a-
PVA and PHB.

Miscibility Between PVA and PHB

The domain size of PVA/PHB blends was studied
by observing the 'H relaxation time T through the
CP MAS NMR technique. The 'H relaxzation time
study provides information on the domain size. In
a polymer blend, each component has inherent 'H
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Figure 6 Composition dependence of chemical shift for
carbonyl carbon of PHB in *C-PST MAS NMR spectra
of (O) s-PVA/PHB and (®) a-PVA/PHB blends.

relaxation times. If two-component polymers are
intimately mixed and the domain sizes of two com-
ponents are small enough for effective spin diffusion
during a 'H relaxation, these components exhibit
the same 'H relaxation time. When the domain sizes
are larger, each component shows a different relax-
ation time. A scale for effective spin diffusion during
a typical 'H T} relaxation is 200-300 A.

The 'H T, values of PHB, PVA, and PVA/PHB
blends were measured through methyl and methine
carbon resonances. The T, value of PHB in the
blends was estimated from the decay curve of the
methyl carbon. All resonances from PVA in the
blends are partially overlapped with the resonances
from PHB. Thus, the methine carbon resonances
were curve-resolved into two regions ascribed to
PVA and PHB, respectively. The decay curve of the
resolved resonance provides the T, value of PVA in
the blends.

Each of the pure polymers, PHB, a-PVA, and s-
PVA, shows only one T value. This result indicates
that the crystalline and amorphous domains of all
the pure polymers are smaller than is the scale of
effective spin diffusion. Figure 7 shows the variation
of the T, value with the blend composition. In the
blends, the T values of PHB and PVA approach
each other with increasing PVA content. Thus, the
compatibility between PVA and PHB improves with
increasing PVA content. In the s-PVA/PHB blends
containing more than 55 wt % s-PVA, the T, values
of PHB agree very closely with that of s-PVA, which
implies that the domain sizes of s-PVA and PHB
are less than 200-300 A. The s-PVA/PHB blend is
compatible in a wider range of composition than is
the a-PVA/PHB blend. In the a-PVA/PHB blends

CRYSTALLIZATION OF PVA/PHB BLENDS 23

containing more than 80 wt % a-PVA, the T, values
of PHB approach closely that of a-PVA. Thus, the
compatibility of these blends is also on a scale of
200-300 A. The s-PVA/PHB and a-PVA/PHB
blends containing less PVA have two distinct T}
values, each of which is ascribed to the domain com-
posed of one of the component polymers. The do-
main sizes of these blends is larger than a scale of
300 A.

DISCUSSION

The 'H T, measurement demonstrated the compo-
sition dependence of the compatibility between PVA
and PHB. The compatibility improves with increase
of the PVA content. The s-PVA/PHB blends con-
taining more than 55 wt % s-PVA and a-PVA/PHB
containing more than 85 wt % a-PVA are compatible
on a scale of 200-300 A.
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Figure 7 Composition dependence of proton T} of (A)
PHB and (O) PVA in (a) a-PVA/PHB and (b) s-PVA/
PHB blends.
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The downfield shift of the carbonyl carbon res-
onance in the PST MAS NMR spectra indicates
that the compatibility of the PVA/PHB blends is
due to the hydrogen-bonding interaction in the
amorphous phase. The PVA/PHB blends containing
more PVA shows a larger downfield shift, which re-
flects the denser hydrogen-bonding interaction. The
fraction of PHB units participating in the interac-
tion increases with decrease of the PHB content.

The dense hydrogen-bond interaction in the
amorphous (melt) phase should prevent the crys-
tallization of PHB, because this interaction disturbs
the segregation of the PVA and PHB. The dense
hydrogen bonds make the apparent degree of crys-
tallinity smaller. The DSC measurement practically
showed the decrease of the crystallinity of the PHB
phase in the compatible blends. The decrease of the
crystallinity is also observed for the PVA phase in
the compatible blends. The compatible blends show
low crystallinity for both PHB and PVA phases.

The compatible phase of the PVA/PHB blend
should be a quasi-equilibrium phase. Thus, anneal-
ing may result in the phase separation and crystal-
lization of the PHB phase. However, the DSC ther-
mogram of 80/20 (wt/wt) PVA/PHB left for 300
days at room temperature is closely similar to that
obtained immediately after film preparation. The
glass transition temperatures (7}) of PVA and PHB
are ca. 70 and 0°C, respectively. Since the T, of PVA
is much higher than room temperature, the PHB
molecules in the compatible amorphous phase are
likely to be trapped by the rigid PVA environment.

The compatibility of PVA/PHB is also affected
by the tacticity of PVA. The compatible composition
range of s-PVA/PHB is wider than that of a-PVA/
PHB. It is likely that the capacity to form the hy-
drogen bond differs with the tacticity of PVA. It is
well known that some of the hydroxyl groups in PVA
molecules form intramolecular hydrogen bonds be-
tween the neighboring monomers in isotactic diad.
Thus, the total number of intramolecular hydrogen
bonds decreases with the increase of the syndiotac-
ticity of the chain.?’ Only the hydroxyl groups which
do not participate in the intramolecular hydrogen-
bonding interaction can form the intermolecular
hydrogen bonds. Hence, s-PVA has a larger capacity

to form the hydrogen bond with PHB than does
a-PVA.

This work was partly supported by the Mazda Founda-
tion’s Research Grant (1992).
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