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Abstract

Infrared (IR) and Raman spectra were measured for four kinds of ultra-high-molecular-weight poly[(R)-3-hydroxybutyrate] (UHMW-PHB)
films: a solvent-cast film, a cold-drawn film, a two-step-drawn film, and a hot-drawn film. Quantum chemical calculations were made for
octamer models of UHMW-PHB with a helix conformation (a-form) and a planar zigzag conformation (-form). Comparison of the results
between the Raman spectra of four kinds of films and the quantum chemical calculations of octamer models revealed that only two-step-drawn
film yields additional bands at 1735, 966, 935, 908, and 858 cm ™' assignable to the B-structure, suggesting that it contains the B-form as well as
the a-form. Detailed comparison of the frequencies and intensities of Raman bands between the observed and calculated values for the B-form
indicates that the amount of B-form is relatively small and that the B-structure has a less ordered structure. The infrared and Raman spectra of
two-step-drawn film also indicate that it has more amorphous parts than other films. When the two-step-drawn film was further heated up to
130 °C and then cooled down to room temperature, the above additional bands due to the B-form disappeared in the Raman spectra, suggesting

that the B-form is less stable than o-form.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(hydroxyalkanoates) (PHA)s and its copolymers have
been matters of keen interest because among all natural biode-
gradable polymers only PHA polymers possess thermoplastic
and mechanical properties similar to those of synthetic poly-
mers [1—10]. Poly[(R)-3-hydroxybutyrate] (PHB; Fig. 1) is
a natural and biodegradable polyester found in some bacteria
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as an energy storage system [1—5]. PHB is a very attractive
polymer, but it is not always well suited for certain applica-
tions as a commodity plastics because of the high stereo-
regularity of biologically produced macromolecules; PHB is
highly crystalline and, hence, too rigid, stiff, and brittle. It
has also been known that the mechanical properties of PHB
homopolymer films deteriorate markedly after secondary
crystallization [11,12]. Accordingly, microbial PHB homo-
polymer has been regarded as a polymer that must be copoly-
merized with other monomer components from the viewpoint
of industrial applications [13—15].

It has been reported that the copolymerization of a longer
side-chain 3-hydroxyhexanoate (3-HHx) comonomer with
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PHB

Fig. 1. Chemical structure of poly(3-hydroxybutyrate) (PHB).

the highly crystalline 3-hydroxybutyrate (3-HB) units signifi-
cantly reduces the crystallinity and increases the flexibility
of PHB [16—18]. The PHB-based copolymers such as poly-
[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (P(HB-
co-HHx)) show a wide range of physical properties depending
on the chemical structure of the comonomer units as well as
the comonomer composition.

Another direction of improving the physical properties of
PHB is to improve the mechanical properties of PHB films
and fibers by preparing uniaxial and biaxial oriented films
[6,13,19—23]. Recently, Iwata et al. [6,24—29] succeeded in
producing ultra-high-molecular-weight PHB (UHMW-PHB,
My, =3.3—14 x 10° under specific fermentation conditions
[28] by using a recombinant Escherichia coli XL-1 Blue
(pSYL105) bacterium [29] harboring Ralstonia eutropha
PHB biosynthesis phbCAB genes. It has been found that the
films of UHMW-PHB can be oriented easily and reproducibly
by hot-drawing at a temperature below, but near the crystalline
melting point [24,25,29]. The hot-drawn and annealed
UHMW-PHB films have high crystallinity and acceptable
mechanical properties for industrial and mechanical applica-
tions. Iwata et al. [24—26] also prepared cold-drawn and
annealed UHMW-PHB films with good mechanical properties
and long-term stability by utilizing the PHBs produced by
both wild-type and recombinant bacteria. Moreover, they
recently reported the first strong PHB fibers processed from
UHMW-PHB by cold-drawing and two-step drawing [6,30].

According to recent studies on the X-ray fiber diagrams of
highly oriented PHB films and fibers [6,26,27,31], PHB as-
sumes two types of molecular conformations: the 2/1 helix
conformation (a-form) [32,33] and the planar zigzag confor-
mation (B-form) [6,26,27,31]. Usually, PHB takes o-form in
an orthorhombic system with a =5.76 A, b=13.20 A, and
c=5.96 A. In the cell the two antiparallel chains are packed
together with the ester group nearly at the same level
[32,33]. The chains have left-handed helix and the C=0
and CHj3 groups are oriented outside the helix [32,33]. It
was recently found that the two-step drawn and annealed
film of UHMW-PHB contains B-form as well as o-form
[6,26]. B-Form is introduced by the orientation of free chains
in the amorphous regions between o-form lamellar crystals,
and is responsible for the good mechanical properties of the
PHB films and fibers [34,35].

The existence of the B-form seems to be clear from the
WAXD studies [25,26], but besides WAXD, no other methods
have detected the B-form in the PHB films and fibers; *C
magic-angle spinning (MAS) NMR and differential scanning
calorimetry were unsuccessful. Quite recently, Nishiyama

et al. [36] reported 2D NMR observation of strain-induced
B-form in PHB. The 2D NMR spectra provided the '*C
carbonyl signal of B-form separated from that of the 2/1 helix
conformation (o-form) and the orientations of the carbonyl
carbons for B-form were detected.

The present study is to investigate the formation of B-form
in the cold and two-step-drawn films of UHMW-PHB by using
IR and Raman spectroscopies and quantum chemical calcula-
tions. Until now, we have been investigating structure, crystal-
linity, and thermal behavior of PHB and P(HB-co-HHx)
(HHx =2.5, 3.4, and 12 mol%) by means of wide-angle
X-ray diffraction (WAXD) [37,38], infrared (IR) spectroscopy
[38—42], quantum chemical calculation [42], and differential
scanning calorimetry (DSC) [38]. The present vibrational
spectroscopy study provides unambiguous evidences for the
existence of the PB-form. Raman spectroscopy is useful as
a nondestructive and in situ structural analysis technique,
and can be applied easily to both thick and thin polymer films.
In the present study we made detailed band assignments for
Raman spectra of the a- and B-forms based on the quantum
chemical calculations of their model compounds. Furthermore,
heat-induced degradation from the B-form to an amorphous
state is also investigated by using Raman spectroscopy.

2. Experiment
2.1. Preparation of the four kinds of films

Ultra-high-molecular PHB (UHMW-PHB) (M, = 5.3 x 10°
and polydispersity = 1.7) was produced by E. coli XL-1 Blue
containing a stable plasmid pSYL105 harboring R. eutropha
H16 PHB biosynthesis gene operon phbCAB, according to the
method reported previously [29].

Solvent-cast films of UHMW-PHB were prepared by a con-
ventional solvent-casting technique from chloroform solutions
of polymers. The amorphous preforms of films for preparing
a cold-drawn film were produced by melting the solvent-cast
films in a hot press at 200 °C and subsequently quenching
into ice water. The cold-drawn film was prepared by 1000%
stretching of the amorphous preform in ice water. A two-step-
drawn film was obtained from further 150% drawing of the
cold-drawn film at room temperature. On the other hand, the
solvent-cast films were drawn in a silicon oil bath at 165 °C
by the loosely-hanging-weights-method to produce a hot-drawn
film. All the films, solvent-cast film, cold-drawn film, two-step-
drawn film, and hot-drawn film, were annealed in an autoclave
at 100 °C for 2 h. The structures of four kinds of films have been
confirmed by wide-angle X-ray diffraction, and only two-step-
drawn film has a planar zigzag conformation (-form) together
with 2; helix conformation (ea-form). Other three kinds of films
consist only of a-form molecular conformation.

2.2. IR and Raman measurements
IR spectra of the films were measured at a 2 cm™ ' spectral

resolution by using a Thermo Nicolet NEXUS 470 Fourier-
transform (FT) IR spectrometer equipped with a liquid
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nitrogen-cooled mercury cadmium telluride (MCT) detector.
To ensure a high signal-to-noise ratio, 512 scans were co-
added. Raman spectra were measured for four kinds of
UHMW-PHB films by using a Fourier-transform Raman spec-
trometer (Thermo Nicolet) with an InGaSb detector. An exci-
tation wavelength at 1064 nm was provided by an Nd:YAG
laser, and the laser power at the sample position was typically
200 mW. Raman scattering was collected in a 180° back scat-
tering geometry. The Raman spectra were obtained with
a spectral resolution of 4 cm_l, and 1024 scans were co-added
to ensure a high signal-to-noise ratio.

2.3. Quantum chemical calculations

The ab initio model calculations were carried out at the
density functional theory (DFT, B3LYP functional) and
Mgller-Plessent (MP2) levels of theory employing the Gauss-
ian 03 program package [43,44]. In the model compound study
of the a- and B-structures of PHB we used a single chain
octamer model: HOOC(CH,CH(CH;)OCO),CH,CH(CH;)OH.

3. Results and discussion
3.1. Raman spectra of four kinds of UHMW-PHB films
Fig. 2 shows Raman spectra in the 1000—400 cm ™' region

of four kinds of UHMW-PHB. Assignments for major bands in
this region are summarized in Table 1. These assignments
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Fig. 2. Raman spectra in the 1000—400 cm ' region of (A) solvent-cast film,
(B) cold-drawn film, (C) two-step-drawn film, and (D) hot-drawn film.

Table 1
Observed (sample 2 and sample 3) and calculated wavenumbers (cm™Y) of
Raman bands of PHB

Wavenumber (cm™ ') Assignment
Cold-drawn Two-step- Calculated Calculated
film drawn film o B
1451 1456 1458 1462 CH; ab2
1444 1441 1428 1431 CH, b
1402 1402 1381 1379 CH; sb
1363 1363 1351 1356 CH d, CH, w, CH; sb
1352 1348 1342 1339 CH d, CH, w, CHj; sb
1292 1298 1277 1295 CH, w, CH d, C—CO s,
O0—CO s
1286 CHd, O—CO s
1254 0O—CO s, CH, t,
C—CO s, CHd
1259 1259 1233 CH, t, O—COs,CHd
1220 1226 1196 1214 CH,t,C—Cs
1181 CH, t, C—C s, O—CO s
1173 CH, w, O—CO s
1164 0O—CO s, CH, w
1131 1113 1126 C—Cs, CHy rl
1101 1101 1104 CH;3rl, C—C s, O—C s
1076 1080 CH, t, CH5 rl
1059 1059 1051 1048 C—0Os, CH, 11,
C—CHj; s
1033 C—0 s, C—CH; s, CH, t
966 959 951 C—CO s, O—C s, C—Css,
CH3 2
933 C—CO s, O—C s, CH3 12
935 907 902 CH; 12, CH3 r, C—CH3 s
893 CH; 12, C—CHj3 s
908 874 878 CH; 12, C—C s
858 843 CH; 12, C—CH;3 s, CH,
839 839 815 C—0s, O—CO s, COCd
797 0O—C s, C—CO s, COC d
701 711 C=O0ip b, COC d,
CCCd
677 671 675 C=0 opb, CH, 1, Cb
597 625 C=0 opb, C—CO s, Cb
564 C=0 op b, C—O tor
527 COC d, ccod
508 CCO d, coC d
514 478 475 CCO d, CH3 12
429 416 CCC d, cCcod
434 434 404 CCO d, C b, CO ipb

were based on the quantum chemical calculation of the present
study. Of particular note in Fig. 2 is the Raman spectrum of
two-step drawn film showing four characteristic bands at
966, 935, 908, and 858 cm~!. The Raman spectra in the
1000—400 cm region of other three films are very close to
each other, but the relative intensities of bands at 597 and
434 cm ™ relative to that of a band at 839 cm ™' change signif-
icantly from sample to sample.

In order to make detailed assignments for Raman bands
characteristic of two kinds of molecular conformations, we
made quantum chemical calculations for the helical structure
(a-structure) and the planar zigzag structure (B-structure) of
the octamer model. Both models are single chain models.
Fig. 1 depicts calculated a- and B-structures for the octamers.
Fig. 3 compares Raman spectra in the 1000—400 cm ™' region
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Fig. 3. Raman spectra in the 1000—400 cm ' region of a- and B-structures of
the model compound (single chain octamer) calculated by quantum chemical
calculations.

calculated by quantum chemical calculations for both struc-
tures. The calculated spectrum of the o-structure is character-
ized by an intense band at 815cm™' with a shoulder at
797 cm ™', due to coupling mode of C—O stretching, O—
C=0 stretching, and C—O—C deformation and that of O—C
stretching, C—C—O stretching, and C—O—C deformation,
respectively, while the calculated spectrum of the planar zigzag
structure shows four characteristic bands at 951, 902, 878, and
843 cm~'. The spectral patterns of the Raman spectra of the
three kinds of films except for the two-step-drawn film are
very close to that of the calculated spectrum of the helical
structure, confirming that these films assume the helical struc-
ture. The four characteristic bands at 966, 935, 908, and
858 cm ™! of the two-step-drawn film (Fig. 2) are very likely
to correspond to the four bands at 951, 902, 878, and
843 cm ™' in the calculated spectrum of the planar zigzag
structure (B-structure; Fig. 3). It is noted that not only the fre-
quencies but also the relative intensities of the four bands are
very close to each other between the observed and calculated
spectra. This may be a very strong evidence for the existence
of B-structure in the two-step-drawn film. Iwata et al. [6]
suggested, based on the reflections on an X-ray fiber diagram
of a two-step-drawn film and fiber of UHMW-PHB, that the
two-step-drawn film includes the B-form as well as the
a-form. Thus, the present Raman result is in good agreement
with the X-ray result. Among the three spectra of solvent-
cast, cold-drawn and hot-drawn films, the spectrum of cold-
drawn film shows a relatively weak band at 434 cm™'. The
434 cm~! band is characteristic of the crystalline state, because
the amorphous sample of PHB obtained at a temperature above
the melting point does not yield a band at 434 cm ™. There-
fore, the crystallinity may be slightly lower in the cold-drawn
film.

Fig. 4 displays Raman spectra in the 1500—1000 cm™"
region of four kinds of UHMW-PHB films. Band assignments
in this region are also shown in Table 1. This region may be
divided into three: the 1500—1320 cm™', 1300—1200 cm ™',
and 1200—1000 cm ™' regions. The first region contains bands
due to the CH; and CH, bending modes, the second region is
concerned mainly with bands arising from the C—O—C

L
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Fig. 4. Raman spectra in the 1500—1000 cm ™" region of (A) solvent-cast film,
(B) cold-drawn film, (C) two-step-drawn film, and (D) hot-drawn film.

stretching modes, and the last region involves mainly C—C
stretching bands.

The Raman spectra of solvent-cast and hot-drawn films are
very close to each other, however, the Raman spectrum of
cold-drawn film is significantly different from those of sol-
vent-cast and hot-drawn films in terms of the weak intensities
of bands at 1444, 1402, and 1259 cm~!. These three bands are
characteristic of the crystalline state of the helical structure, so
that the weak intensities of these three bands suggest that the
two-step-drawn film contains more amorphous state than the
solvent-cast and hot-drawn films. In the spectrum of two-
step-drawn film, the intensities of the bands at 1402 and
1259 cm ™! are weak and several additional bands appear at
1424 and 1243 cm™ . According to the quantum calculations,
bands each in the 1500—1400 cm™' and 1300—1175 cm™'
regions are quite sensitive to the conformations (Table 1).
Therefore, the appearances of the additional bands indicate
that the two-step-drawn film contains not only a-structure but
also B-structure.

Fig. 5 shows Raman spectra in the 1780—1660 cm ™' region
of four kinds of UHMW-PHB films. We studied temperature-
dependent Raman spectral changes for PHB and found that
the intensity of a band at 1726 cm™ ' decreases very gradually
from room temperature to ca. 165 °C and decreases rapidly
above 165°C while a broad feature around 1740 cm '
increases largely above 165 °C [43]. Based on these spectral
changes and the corresponding spectral variations in an IR
spectrum of PHB [37,39], we assigned the bands at 1726 and
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Fig. 5. Raman spectra in the 1780—1660 cm ™' region of (A) solvent-cast film,
(B) cold-drawn film, (C) two-step-drawn film, and (D) hot-drawn film.

1740 cm ™! to the C=0 stretching modes of the crystalline and
amorphous parts, respectively. It is interesting to note that the
crystalline C=O0 stretching band is broader in the spectrum
of two-step-drawn film than in those of solvent-cast and hot-
drawn films and that the spectrum of two-step-drawn film
shows an additional peak near 1735 cm ™.

The broad feature at 1726 cm™' and more pronounced
appearance of a shoulder near 1740 cm ™' in the spectrum of
cold-drawn film suggest that this film contains more amor-
phous parts than the solvent-cast and hot-drawn films. The
additional band at 1735 cm™" in the spectrum of two-step-
drawn film may be another evidence for the existence of
B-structure because according to the quantum chemical

calculations, the planar zigzag structure of octamer model
yields a band near 1735 cm™".

Fig. 6 exhibits Raman spectra in the 3050—2850 cm™
region of four kinds of UHMW-PHB films. Referring to our
previous IR studies [37,39], a weak feature at 3009 cm ! s
assigned to a C—H stretching mode of the C—H:--C=0
hydrogen bonding between the CHj; group and the C=O
group in PHB. The relative intensity of this band is weaker
in the spectrum of two-step-drawn film than in those of other
three films. It is also noted that a band at 2879 cm ™" shifts to
a higher wavenumber in the spectrum of two-step-drawn film
compared with the corresponding bands of other films. These
observations suggest that the two-step-drawn film has more
disordered parts than others.

1

A

2929

Intensity/a.u.

1 | 1 ] 1 ] 1 |
3050 3000 2950 2900 2850

Raman Shift/cm-!

Fig. 6. Raman spectra in the 3050—2850 cm ™' region of (A) solvent-cast film,
(B) cold-drawn film, (C) two-step-drawn film, and (D) hot-drawn film.
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3.2. IR spectra of the four kinds of UHMW-PHB films

Fig. 7 shows IR spectra in the region for the first overtone of
the C=0 stretching band of the four kinds of UHMW-PHB
films. The films prepared were fairly thick, so that we exam-
ined the first overtone region of the C=O stretching band
instead of the fundamental region where a strong band due
to the C=O0 stretching mode is saturated. It is noted in the
overtone region that all the samples show a band at
3436 cm ™. In our previous IR study of spherulite structure
of PHB and P(HB-co-HHx), we found that they show an

A 3436

B 3436

Absorbancefa.u.

1 I 1 I 1 I 1 I 1
3500 3480 3460 3440 3420 3400

Wavenumber/cm-!

Fig. 7. IR spectra in the 3500—3400 cm ™' region of films of (A) solvent-cast
film, (B) cold-drawn film, (C) two-step-drawn film, and (D) hot-drawn film at
room temperature.

intense band at 1723 cm ™' due to the C=O0 stretching mode
of the crystalline state [39]. Therefore, the band at 3436 cm !
is assigned to the first overtone of the C=0 stretching band
of the a crystalline phase. An IR measurement of hot-drawn
film at 182 °C revealed that the overtone band due to the
amorphous parts appears at 3458 cm ™' (data not shown). All
the samples show a broad feature near 3460 cm ™' assignable
to the overtone of the C=0 stretching band of the amorphous
parts. Of particular interest is that the intensity of the
amorphous band is much stronger in the spectrum of two-
step-drawn film. Therefore, it seems that the two-step-drawn
film contains much more amorphous parts than other samples.
We cannot observe a C=0 stretching band assignable to the -
form even in the second derivative of the spectrum shown in
Fig. 7(C). The C=O0 band of the B crystalline phase may be
obscured in the broad feature in the 3450—3440 cm ™' region.

Fig. 8 displays IR spectra in the C—H stretching vibration
region of the four kinds of UHMW-PHB films and their second
derivatives, respectively. The spectra and their second deriva-
tives of the four films are similar to those of PHB previously
reported [39]. We measured IR spectra of PHB over a tempera-
ture range of 20°C—185°C. Based on the temperature-
dependent spectral variations, we made assignments for major
IR bands in the CH stretching vibration region. According to
our previous study [39], five bands at 3009, 2995, 2984, 2975,
and 2967 cm™ " in the second derivative spectra may be assigned
to the CH; asymmetric stretching modes. Only the band at
2984 cm™ ! increases with temperature; it indicates that the
band at 2984 cm ™' is due to the CH3 asymmetric stretching
mode of the amorphous parts. The other four bands at 3009,
2995, 2974, and 2967 cm~! are probably due to the CHj;
asymmetric stretching modes of the crystalline parts.

As in the case of Raman spectra (Fig. 6), all the four films
yield a band at 3009 cm™' assignable to the C—H stretching
band of the C—H:--C=0 hydrogen bond [37,39]. Therefore,
it is very likely that the strength of the C—H---O=C hydrogen
bond is nearly the same among the four kinds of films. It is
noted in the comparison of the four spectra that the two-step-
drawn film shows a relatively strong band at 2984 cm ™' due
to the amorphous part (Fig. 8(C)). Therefore, this again sug-
gests that two-step-drawn film contains significantly more
amorphous parts than other samples. It is also noted that two-
step-drawn film has additional bands (shoulder) near 2940
and 2880 cm ! (see Fig. 8(C")). These bands are also assignable
to the amorphous parts. Another important point in Fig. 8 is that
the IR spectra of solvent-cast and cold-drawn films show a broad
feature near 2985 cm ™' due to the amorphous part (Fig. 8(A)
and (B)) and that of hot-drawn film gives rise to very weak cor-
responding feature and shows the clear shoulder at 3009 cm ™.
These results suggest that hot-drawn film contains more crys-
talline parts than the solvent-cast and cold-drawn films.

3.3. Formation and stability of the (B-structure
in the two-step-drawn film

The results of the Raman and IR spectra clearly show that
the two-step-drawn film contains the [B-structure. However, it
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Fig. 8. (A), (B), (C), (D), IR spectra in the 3050—2850 cm ™' region of films of solvent-cast film, cold-drawn film, two-step-drawn film, and hot-drawn film at room
temperature. (A"), (B'), (C'), (D'), the second derivatives of four spectra (A), (B), (C), and (D).

seems that the amount of B-structure is small because the over-
all spectral patterns of two-step-drawn film are close to those
of a-structure and the relative intensities of the bands arising
from the B-structure are weak.

The Raman and IR spectra reveal that the two-step-drawn
film contains more amorphous parts than other samples.
Thus, it is likely that the crystallinity of the B-structure is
rather low. In other words, the B-structure in the two-step-
drawn film may have less ordered structure. This calculation
is consistent with the result of WAXD by Iwata et al. [29]
that the WAXD shows only one strong peak derived from
the B-structure in the equatorial line.

In order to explore degradation of the B-structure by heat
treatment in the two-step-drawn film, it was heated up to
130 °C, cooled down to room temperature, and then its Raman
spectra were measured. Fig. 9 depicts Raman spectra in the
1000—400 cm™', 1500—1000 cm™', and 1780—1660 cm ™'

regions of the two-step-drawn film after the heat treatment.
It is noted that the five characteristic Raman bands of the B-
structure at 966, 935, 908, 858, and 1738 cm”! disappear in
the Raman spectra shown in Fig. 9. These observations suggest
that the B-structure disappears after the heat treatment. This
disappearance was suggested also by the measurements of
WAXD of two-step-drawn film [29]. It can be concluded
that the B-form is less stable than the o-form.

4. Conclusions

Based on the Raman and IR spectra of solvent-cast, cold-
drawn, two-step-drawn and hot-drawn films of UHMW-PHB
and the quantum chemical calculations of o- and B-structures
of the single chain model compound (octamer) of PHB, we
have reached the following conclusions. (1) The two-step-
drawn film contains the B-structure as well as the a-structure.
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Fig. 9. Raman spectra in the (A) 1000—400 cm™ !, (B) 1500—1000 cm™ !, and
(C) 1780—1660 cm™' region of a two-step-drawn film measured at room
temperature after heat treatment up to 130 °C.

The most significant evidence for the existence of B-structure
comes from the appearance of the four bands at 966, 935, 908,
and 858 cm ™' and the additional band at 1735 cm™"'. (2) The
amount of B-structure in the two-step-drawn film may be small
because the intensities of the bands assignable to B-structure
are weak. (3) When the two-step-drawn film was heated above
130 °C, the above five bands disappeared, showing that the
B-structure is less stable than the o-form.
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