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ABSTRACT: The first NMR observation of the planar zigzag conformatigihfofm) in a poly[R)-3-
hydroxybutyrate] uniaxially oriented film with high tensile strength is reported3@ two-dimensional (2D)
off-magic-angle spinning NMR method which directly correlates the peak positions with the molecular orientation
in uniaxially oriented samples was used. The 2D NMR spectra providéGhearbonyl signal of-form separately

from that of the 2/1 helix conformatiom(form). The orientations of the carbonyl carbonsdeform andg-form

were determind and compared to the previously proposed molecular models.

Introduction CH, H ﬁ’
Poly[(R)-3-hydroxybutyrate] (P(3HB)) (Figure 1) is ac- \QO/C\CHZ/C%\

cumulated by a wide variety of microorganisms for intracellular
carbon and energy stordgend has been extensively studied

as a biodegradable and biocompatible thermotropic polynier. CH, JCH,
However, it is well-known that the mechanical properties of
P(3HB) homopolymer films and fibers deteriorate markedly by CH
a process of secondary crystallizatfdhand therefore attempts CO
to improve the mechanical properties have been perfoméd.

Recently, lwata and co-workers succeeded in processing 300 200 100 0
uniaxial P(3HB) homopolymer filmi$-13 and fiberd*15with a chemical shift / ppm

high tensile strength by new drawing processes including cold Figure 1. Chemical structure and 15C NMR spectrum (under static
drawing and two-step drawing. In these samples, the moleculesconditions) of poly[R)-3-hydroxybutyrate].

are highly aligned relative to each other, and the crystallinity is
high. Since the molecular mobility tends to decrease in such a
polymer, the secondary crystallization process is avoided and
the mechanical properties are improved.

The X-ray fiber diagrams of P(3HB) highly oriented films ras
and fibers indicated the existence of two types of molecular PAS
conformations of P(3HB): the 2/1 helix conformatianform)® PAS X

and the planar zigzag conformatigfform),12:13.16.1%as shown z

in Figure 2. P(3HB) generally crystallizes inR2;2,2; ortho-

rhombic space group with unit cell parametars: 0.576 nm,

b = 1.320 nm, and(fiber axis)= 0.596 nm, and the molecular

chains are left-handed 2/1 helix conformationférm). S-form

is introduced by the orientation of free chains in the amorphous

regions between-form lamellar crystals and is responsible for

the good mechanical properties of the P(3HB) films and

fibers17.18 B-form was first observed by a wide-angle X-ray a-form
diffraction measurement (WAXD) of a further drawn’ uniaxia”y _Figure 2 Molecular conformation _and PAS orientation for CSA
stretched P(3HB) homopolymer fihand a cold-drawn film interactions of the carbonyl carbonsdrform ands-form of P(3HB).

of poly[(R)-3-hydroxybutyratezo-21%-(R)-3-hydroxyvalerate] 17 i .

(PHB/V) X7 X-ray fiber diagrams of these samples revealed a streak? Howev_er, no experimental observations of the molec-
layer line streak and equatorial reflections, which were not Ular conformation ofi-form have been reported. Furthermore,
expected from the-form structure. These new reflections were N Other methods b‘?s'de?s WAXD have detegtédrm in the
interpreted as those @kform. A A-form model was proposed ~ P(3HB) films and fibers; °C magic angle spinning (MAS)
on the basis of an empirical energy calculation with a fiber repeat NMR, differential scanning calorimetry, and other methods were

length of 0.460 nm, which was obtained from the layer line Unsuccessful. _ , ,
In this paper, we present the first solid-state NMR observation

. o of g-form in uniaxially drawn P(3HB) films. The method relies
, Genomic Sciences Center. on orientation-dependent NMR frequencies due to chemical shift
Polymer Chemistry Laboratory. . L . .
*To  whom correspondence should be addressed. E-mail: anisotropy (CSA). The principal values and orientation of the
nishi@gsc.riken.jp (Y.N.), tiwata@riken.jp (T.1.). CSA tensor are crucial for the analysis. It is well-known that

10.1021/ma060291h CCC: $33.50 © 2006 American Chemical Society

Published on Web 05/17/2006
ublished on We CDV



Macromolecules, Vol. 39, No. 12, 2006

the principal axis system (PAS) of CSA for a carbonyl carbon
is nearly fixed to theéC=0O plane and is unlikely to be affected
by the molecular conformatiot¥-22 A well-defined PAS
orientation is useful for a structural analysis. Moreover, the large
CSA value (ca~150 ppm) of the carbonyl carbon ensured high
angular resolution. We obtained one-dimensional ((0)NMR
spectra by rotating uniaxially oriented P(3HB) films along their
drawn axis at an off-magic angle. The peak position in this
spectrum is designated @s ¢ varies with changing tensor
orientation of'3C CSA. Since the orientation of the carbonyl
CSA tensor ing-form is different from that ino-form (see
Figure 2), the carbonyl carbon signal @fform will appear at

a different position from that ai-form in the 1D NMR spectra.
Thus, we can separately observe the signals feefarm and
those frompg-form. We also observed two-dimensional (2D)
13C NMR spectra by a method for uniaxially oriented samptes.
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centerband a®, and theo; ando, terms vanish except for the
spinning sidebands. In the case tfat is equal tofm, which
is the magic angle (MAS); converges omis, under MAS and
contains no information onoeg, Ber, ¥PR), @s shown in eq 2;
the resonance frequency is free from orientation distribution,
thus resulting in sharp peaks even for disordered samples.
We assume a uniaxially oriented sample in which the
molecules are rotationally distributed around the symmetry axis,
and the sample is packed into the rotor such that the symmetry
axis coincides with the rotor axis. In the uniaxially oriented
sample, the PAS orientation is described by fixe@ Spr)
angles, and thepg angles are uniformly distributed; theg,
Bpr) angles specify the PAS orientation in the rotor-fixed frame,
andypgr has no information on the molecular orientation. If the
yer dependence of the resonance frequency is removed, then
the analysis of the uniaxially oriented samples is greatly

This method achieves further separation of the signals and alsosimplified. The sample rotation averages outthg-dependent

provides full information on the orientation of the CSA tensor.
We observed 2D NMR spectra by recouplitifg CSA under

terms, and the centerband appeard(etr,SrR)- In the case of
BrL Z O, (off-magic angle spinning (OMAS)); depends on

sample rotation. The 2D spectra thus obtained correlate a CSA(apr, Spr). While a 1D OMAS NMR spectrum of a sample with

parameterd) and another CSA parameter). The CSA tensor
orientation is directly obtained from the/a 2D spectra, with

the knowledge of the CSA principal values, which can be
obtained by observing unorientedform samples. Thus, we
can obtain the orientations of the carbonyl carbon and uniquely
determine the molecular conformation.

NMR Background

We assume that the solid sample in a rotor rotates at an
angular velocityw, in the magnetic field. The resonance
frequencyw(t), due to the CSA interaction, can be writter?®as

o(t) = we[o(0pr Bpr) T 01(Cpr BpR) SIN(@ L+ 01 +
7pR) T 0x(0pr Bpg) SIN 2@t + 6, + vpr)] (1)

wherewy is the Larmor frequency. The Euler anglest®$r =
(apr, Brr, vPR) define the rotation from PAS, which is fixed to
the molecule, to the rotor fixed frame with t#&" axis parallel
to the rotor axis. Theprangle describes the orientation of PAS
around the rotor axis); andd, are phase factors from ref 23.
01, 02, and ¢ are CSA parameters independent gz but
dependent onopr, frr) @s well asfr., which describes the
angle between the rotor axis and the magnetic fiéld:

%) +
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i (= Xy, 2 are the principal values of the CSA

tensor andois, = (0> + ofy° + 05,9)/3 is the isotropic

chemical shift. In a 1D experiment, the term gives the
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a distributed orientation yields a broad resonance due to the
(apr, Ppr) distribution, a 1D OMAS NMR spectrum of a
uniaxially oriented sample provides a sharp peak, reflecting a
unigue @pr, Prr) Value. Signals for different conformations
could appear at different positions. However, the 1D OMAS
NMR experiment, i.e.g(apr, fprr), IS not sufficient to com-
pletely describe the two parameters @f#, Spr). Another CSA
parameter that is independentafitpr, Arr) is Nneeded?

Here, we introduce a 2D NMR method for determining the
CSA tensor orientatio?? We focused orva(aer, Spr)/G(0ter,
Ber) 2D NMR methods. The, term is independent af. The
1D o spectrum is two-dimensionally expanded along the new
axis of o,, and theo,/c spectrum yields a two-dimensionally
distributed signal. Thes, dimension can be achieved by a
y-encoding CSA recoupling sequence which recouplessthe
term and decouples thé and o; terms?®> Note that ypr
dependence is removed for both teanda dimensions. Thus,
the 2D o>/ spectrum of a uniaxially oriented sample shows a
sharp peak. Now, we can determire, Spr) from the peak
position?® The broadening of the peak is attributed to the
distribution of the orientatiofP(apr, fpr). We can determine
P(apr, fpr) by comparing experimental spectra with simulated
spectra.

Spectral Simulation

The Euler angle€2pg, representing the PAS orientation in
the rotor-fixed frame, are needed in order to calculate the spectra.
Here, we introduce the crystal frame with t#& axis parallel
to the chain axis, which is equivalent to the crystalxis. The
molecular model can be conveniently described in the crystal
frame. Moreover, the crystal frame greatly facilitates the
management of the distribution of the crystal orientations as
mentioned below. We used the Euler andBg(arc, Src VPo),
which transform PAS to the crystal frame, a@dr(c.cr, Scr,
ycr), Which transform the crystal frame to the rotor-fixed frame.
We setypc = 0 without a loss of generality. The rotation defined
by Qpr can be determined by two successive rotations:

R(Q2pR) = R(QRIR(Rp) (5)

Qpc represents the PAS orientation in the crystal frame. The
PAS orientation is closely related to the molecular conformation.
For the carbonyl carbon, it is known that, (y°*) tends to lie
along the G=0O bond axis, thatrss (Z”*9) tends to lie along the
axis perpendicular to the=©C—C plane, and thatr;; (X°A9 CDV
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tends to lie in the &C—C plane!®22 Thus, we can determine
Qpc from the orientation of the &C—C moiety in the crystal
frame.

Qcr describes the crystal orientation in the rotor-fixed frame.
The chain axis aligns along tleeaxis V) in uniaxially drawn
P(3HB) sample&® The chain axis is parallel to th# axis,
i.e., the rotor axis, in uniaxially oriented and perfectly aligned
samples, and thus th&Y axis aligns along the&®! axis:

P(dcr COSBcr, Yer) = O(BcR) (6)

whereacr andycg are uniformly distributed, and(Bcr) is the
delta function. The orientation is not perfectly uniform in the
most uniaxially drawn samples; tE® axis is distributed around
the drawn axis. Moreover, the misalignment of uniaxially drawn
fibers and films in the sample tube results in discrepancies
between the drawn axis and t#& axis. We introduce the®"

axis distribution in the rotor-fixed frame to account for these
effects26

sin’ fer
T, 2

O er

()

P(0cr COSPcr, Ycr) = €X

We used the distribution symmetric with respecfitg = 7/2,
since the NMR method cannot discriminate signalggs from
those forr — Bcr. When the molecules are uniformly distributed
(isotropic powder), the distribution can be obtained by inserting
Oper — 0 iNto eq 7:

P(0cr COSPcr, Yer) = 1 (8)

The simulated 2D spectra can be calculated by

So;,0') = fffdaCRd COSPerdycrP
(Otcrr COSBer YerIO(0, — 0x(0prApR))O(0" — 0(CprBrR)
9)

whereos(opr, fpr) @anda(apgr, Spr) are obtained by usingiér,

Per) and @pg, frc) with eq 5. We used a 5000 REPULSION
angle set for ¢cr, Bcr)?’ in the calculation. A Lorentzian line
broadening of 200 Hz was applied to the simulated spectra. We
calculated 2D spectra for variougdg, frc) and determined the
(ape, Bro) angles by comparing the 2D calculated spectra and
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Figure 3. Schematic representation of the crystal orientation and the
1D/2D NMR spectra. The crystals are uniaxially oriented in (a) and
(b) with different molecular conformations and are uniformly distributed

in (c).

—
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o, recoupling
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Figure 4. Rf sequences for 1D and 2D OMAS NMR observations of
uniaxially oriented samples. 1D NMR spectra were observed im-
mediately after RAMP-CP. 2D NMR spectra were obtained by inserting
the MR@ sequence sandwiched between twi@ pulses (bracketed
scheme).

'H| ramp-cH

13C

TPPM decoupling

AMP-CP

broadened. When the crystal orientatidRcg) is uniformly
distributed as in eq 8of.; — ), a broad isotropic powder
pattern instead of a sharp peak appears in the 1D and 2D spectra,
as schematically shown in Figure 3c. The distribution conceals
information on the molecular conformation, i.e., the molecular
orientation in the crystal frame&Xpc); the NMR spectra do not
contain information orf2pc since the molecular orientation in

the rotor-fixed frame, which determines the NMR resonance
frequency, is uniformly distributed regardless@pc.

Experimental Section

NMR Setup. We used a Varian/Chemagnetics Infinity-plus
spectrometer with a field of 9.4 T, using a CP/MAS probe with a

the 2D experimental spectra. Note that there are degeneracie¢ mm diameter rotor. Strips of P(3HB) films with a length of 10

Opg, Opc + 7, 21 — dpg anda — apc and fpc andszr — fpc
under the crystal distribution of eq 7. We represent the
orientation uniquely by limiting the ranges @bc andfpcto 0

< opc < a/2 and 0< ﬂpc < 7/2.

Figure 3 schematically represents the 1D and 2D NMR
spectra of uniaxially oriented and unoriented samples. The
crystals in the uniaxially drawn samples align around the drawn
axis as in eq 7. This restricts tlf&pr orientation via eq 5. The

mm were put into the sample rotors. The samples were rotated at
a spinning speed of 14.988 kHz. Figure 4 shows an rf sequence
for the 1D/2D NMR observations. Th®C magnetization was
prepared by ramped cross-polarization (RAMP-CP) with a contact
time of 2 ms?8 in which a3C rf field with a constant strength of

88 kHz was used and ® rf field was varied from 117 to 100
kHz. The 1D NMR spectra were observed immediately after
RAMP-CP. The 2D NMR spectra were observed addingencod-

ing o, recoupling sequence sandwiched by a pairk¥ pulses to

signals in the 1D and 2D spectra thus obtained appear at athe 1D NMR sequence; the information ox(0) is encoded during
restricted region, as schematically represented in Figure 3a; athets (tz) dimension. Two-pulse phase-modulated (TPPM) decou-

sharp peak appears in the 1D and 2D spectra. Since the pea
position is related to the molecular conformatiofpef) as
described in eqs 1 and 5, the spectrum of a sample with a
different molecular conformation shows a peak at a different
position (Figure 3b). While the 1[F spectra do not provide
sufficient information on the molecular orientation, the ad-
ditional o, axis in the 2Do,/G spectra enables us to determine
the molecular conformation; we can obtame¢, Spc) angles

by simulating the 2D spectra. As the uniaxial orientation
deteriorates ds., becomes large), the NMR line shape gets

lpling® was applied throughout thg andt, dimensions. A*H rf

strength of 91 kHz was used in titedimension, and the strength
was increased to 156 kHz in order to avéidi—1°C recoupling in
the t; dimensior®® We observed the 20,/ spectra by applying
2D Fourier transformation to the obtained free-induction-decay set.
We used a recently developed modulated rf sequence to achieve
-encodingo, recoupling?> We used the MRBsequence with the
parameters 0fls; = —0.33,0s2 = —2.6, andgsz = —1.1 (details
are given in ref 25). While the cycle time of the M@&equence is
5t;, wheret, = 27/w, is that of sample rotation, thig time was
increased in /3 steps. This sampling scheme triplicates diaec

DV
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bandwidth without significantly affecting the line shajyé!
Although MR@ decouples thes and o, terms in zeroth-order
average Hamiltonians, higher order average Hamiltonians including
the 6 and o, terms can affect the,/G spectra. To minimize this
effect, we used gr_ angle close tar/2, where theo; term is
minimized (see eq 3). Moreover, this maximizes the area of the
0,/0 spectra; the angular resolution afpg, Ser) IS Mmaximized.
The Br. angle was determined by comparing tHE€ carbonyl
spectra of glycine observed under OMAS and static conditions.
PBrL Was set to 90.0 The effects ofz can almost be removed by
adjusting the resonance offset withit0.2w, from .25 We
individually observeds,/c spectra with irradiation at 130.0 and
180.0 ppm. We can obtaim/a signals with the resonance offset
within £0.2w, from &, by properly combining the spectra observed
at 130.0 ppm and those at 180.0 ppm. Each 2D experiment took
14-18 h.

Sample Preparation.Ultrahigh-molecular-weight P(3HB) (UH-
MW-P(3HB)) samples were produced IBscherichia coliXL-1
Blue containing a stable plasmid pSYL105 beariRglstonia
eutropha H16 (ATCC17699) PHB biosynthesis gene operon
phaCAB according to the method reported previouslyThe
weight-average-molecular-weight and polydispersity of UHMW-
P(3HB) were determined to be 5:310° and 1.7, respectively. No
13C labeling was applied.

The films of UHMW-P(3HB) were prepared by a conventional
solvent-casting technique from a chloroform solution, using glass
Petri dishes as casting surface. The melt-crystallized films were
prepared by melting solvent-cast films in a hot press atZDor
30 s and subsequently crystallizing them in an autoclave at@C00
for 2 h. On the other hand, the amorphous preform films were
prepared by melting solvent-cast films in a hot press atZDor
30 s and subsequently quenching them with iced water. These
amorphous preforms were oriented by cold drawing to 1000% of
their initial length in iced water and were annealed in an autoclave
at 100°C for 2 h with weak tension to increase the crystallinity. In
the case of two-step drawing, before annealing, a further 150%
drawing was applied to 1000% cold-drawn films at room temper-
ature. All samples were used after aging for at least 1 week at room
temperature.

Wide-Angle X-ray Diffraction. X-ray fiber diagrams of P(3HB)
samples were recorded in an evacuated flat-plate camera on a Fuj
Imaging Plate BAS-SR 127, using Ni-filtered CuKadiation with
a Rigaku RINT UltraX 18 type X-ray generator operated at 40 kV
and 110 mA.

Results and Discussion

X-ray diffraction diagrams for melt-crystallized, cold-drawn,
and two-step-drawn films of UHMW-P(3HB) are shown in parts
a, b, and c of Figure 5, respectively. Well-defined Debye
Scherrer rings are shown in Figure 5a, which indicates that the
melt-crystallized film has a high crystallinity and random
orientations of the-form lamellar crystal. Figure 5b,c indicates
that both of the stretched films were well oriented by cold-
drawing and two-step-drawing. All of the reflections in the X-ray
fiber diagram for the cold-drawn film presented in Figure 5b
were indexed with the orthorhombic unit cell parameters of the
o-form crystals: a = 0.576 nm,b = 1.320 nm, and(fiber
axis)= 0.596 nm, as reported previoushtiowever, the X-ray
fiber diagram of the two-step-drawn film (Figure 5c) showed a
new equatorial reflection derived from the planar zigzag
conformation g-form), together with the 2/1 helix conformation
(a-form). These three kinds of films were used for the NMR
experiments in this study.

We determined the CSA principal values of the carbonyl
carbon in the UHMW-P(3HB) samples. We used the samples
with 13C in natural abundance. We observed € NMR
spectrum under the static conditions for the melt-crystallized
UHMW-P(3HB) films in which the crystals are uniformly
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(@)

Figure 5. Wide-angle X-ray fiber diagrams of the melt-crystallized
(a), cold-drawn (b), and two-step-drawn (c) UHMW-P(3HB) films. The
drawn axis is vertical in (b) and (c). The arrow indicates a typical
equatorial reflection of the planar zigzag conformatigrfgrm).

distributed (Figure 1). While the signals are broadened due to
CSA, the signals of the carbonyl carbon appear separately from
those of the aliphatic carbons in the spectrum. We determined
the carbonyl’3C CSA principal values of di1, 022, 033) =
(260.5, 139.0, 109.8) ppm for the-form, by simulating the

1D powder pattern. Th&C MAS NMR spectrum shows that
the isotropic shift of a carbonyl carbon is the same for both the
a-form andg-form in P(3HB). Since both the principal values
and the isotropic shift for the carbonyl carbon are sensitive to
the hydrogen-bonding structure of the=O moiety3? we can
convincingly assume that the CSA principal valuegdgbrm

are identical to those ai-form. We used the principal values
of the melt-crystallized UHMH-P(3HB) films in the following
calculations.

We confirmed that the,/o spectra are correctly obtained by
the sequence given in Figure 4. First, we observed the 1D and
2D spectra (Figure 6a) of the melt-crystallized UHMW-P(3HB)
films. Only the carbonyl region is shown. While the MAS NMR
method provides sharp peaks, the 1D OMAS spectrum shows
a broad 1D powder pattern due to CSA. This pattern is similar
to that of the static sample, but its shape is scaled by sample
rotation. The experimental 2D spectra yielded the characteristic
powder patterns. The patterns show a parallelogram shape in
the regions enclosed by the dashed lines, where the resonance
offset is within +0.2w, from &, although the powder patterns
beyond the enclosed region deteriorate. This result confirms the
theoretical pattern as pointed out in refs 23 and 25. We
calculated the simulated 1B and 2D g,/ spectrum (FigureCDV
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Figure 6. 1D and 2D**C OMAS NMR spectra of the melt-crystallized
UHMW-P(3HB) films. Only the carbonyl region is shown. The
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Figure 7. 1D and 2D'C OMAS NMR spectra of the cold-drawn
UHMW-P(3HB) films. Only the carbonyl region is shown. The
experimental spectra (a) were observed at a spinning frequency of
14.988 kHz. A'SC If field was applied at 180.0 ppm, and the region
where the rf field was applied withig:0.2w, from & is enclosed with
dashed lines. The simulated spectra (b) were calculated usig (
Pro) = (14°, 32°), which gives the minimum RMSD value and the
distribution function of eq 5 withos., = 0.10.

we can correctly obtain 2D,/G spectra by selecting the proper
regions of the spectra.

We observed the 1B%C NMR spectrum of the cold-drawn
UHMW-P(3HB) film, which consists only ofi-form (Figure
7a). The spectrum shows a sharp peak at 180 ppm, being
completely different from that of the melt-crystallized sample.
This indicates that the molecular chains uniaxially align along
the drawn axis as mentioned in the NMR background section.
The 2D NMR spectrum of the cold-drawn UHMW-P(3HB) film
was observed to determine the molecular conformation (Figure
7a). The'C rf field was applied at 180.0 ppm. A peak appeared
in the 2D spectrum, which can be a signal froaform. The
2D peak is broadened due to the distribution of thaxis in
the rotor-fixed frame. The peak position is different from those
of the three peaks observed for the melt-crystallized UHMW-

experimental spectra (a) were observed at a spinning frequency of P(3HB) films. The peak in Figure 7a is not derived from
14.988 kHz. ATC 1f field was applied at 180.0 ppm (upper 2D) and  vanishing Jacobian but arises from the uniaxial molecular

130.0 ppm (lower 2D), and the region where the rf-field was applied

within 0.2, from & is enclosed with dashed lines. The simulated

spectra (b) were calculated under the assumption that the molecule

are uniformly distributed.

6b) of the melt-crystallized UHMW-P(3HB) films. Assuming
that the orientation of the crystals is uniformly distributed, we

orientation around specifiaég, Spr) angles. To obtainopc,

SBPC), we calculated the spectra for variouse§ Spc) angles

using the distribution function of eq 5 withy., = 0.10. The

full width at half-maximum of the distribution function i56cr

= 2(2 In 2204, = 13°.26 The plot of the root-mean-squared
deviation (RMSD) between the experimental spectra and the

used the distribution of eq 8 in the calculations. The simulated calculated spectra is given in Figure 8. Minimum RMSD
1D spectrum well agrees with the experimental spectrum. In structures were obtained fandc, frc) = (14°, 32°). Note that

the 2D spectrum, the ridges appear on the edge of the powderthe precision of thexpc angle is rather low, since the spectral
pattern, and three peaks appear at the three apices (asterisk imtensity spans the area where the ridges appear for the melt-
Figure 6b). These ridges and peaks are derived from the factcrystallized UHMW-P(3HB) films, i.e., the area where the
that the Jacobian determinant vanishes at those p&ifitshe angular resolution is low. Both the 1D simulated spectrum for
angular dependence of the resonance frequency is small neatopc, Spc) = (14°, 32°) and the 2D one agree well with the
the angles corresponding to those singularities. Thus, theexperimental spectra (Figure 7b). Some molecular models of
singularities appear even for uniformly distributed samples. The P(3HB) crystals were proposed on the basis of WAXD observa-
agreement between the simulated 2D spectrum and the experitions. Yokouchi and co-workers proposed a molecular model
mental spectra in the enclosed region is also good; the effectsfor a-form of P(3HB) from a WAXD observation of hot-drawn

of resonance offset and thg terms are well removed. Thus, P(3HB) fibers. The model was constructed using the stan&zggl
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Figure 8. RMSD plot between the calculated and experimental 2 spectra of the two-step-drawn UHMW-P(3HB) films.

spectra of the cold-drawn UHMW-P(3HB) films.

UHMW-P(3HB) film consists of botha-form andg-form. A
new peak clearly appears at 130 ppm in the experimental 1D
NMR spectrum in addition to the peak at 180 ppm, which is
attributed too-form (Figure 9a). We assigned the signal at 180
ppm toa-form by comparing the 2D spectrum of the cold drawn
UHMW-P(3HB) films (Figure 7a) and that of the two-step-
drawn UHMW-P(3HB) films obtained under irradiation of the
rf field at 180.0 ppm (upper 2D in Figure 9a). Note that the
peak at 130 ppm vanishes in the 2D spectrum due to the effect
of resonance offset. To investigate the peak at 130 ppm, we
observed the 2D spectrum by irradiating at 130.0 ppm (lower
2D in Figure 9a). The signal af-form deteriorates due to the
effect of resonance offset. The signaleat 130 ppm gives a
sharp peak in the 2D spectrum. The plot of the RMSD between
the experimental and calculated spectra is given in Figure 10.
In the calculation, thex-form signal is removed from the
550 s experimental spectrum. We used the distribution function of
chemical shift o/ ppm eq 5 withog., = 0.07 ABcr = 9°) for f-form. The minimum
RMSD is obtained fordpc, frc) = (10°, 76° (104°)), which is
completely different from that ofi-form. Note that theSpc
angles of 76 and 104 give the same 2D spectra as mentioned
before. Although the peak appears near the peak in Figure 6b,
the overlap of the spectral intensity with the singularity is smaller
than that for the cold-drawn UHMW-P(3HB). Thus, thep¢,
Bpc) angle can be precisely determined. Figure 9b shows 1D
and 2D simulated spectra of the two-step-drawn UHMW-
P(3HB) film. We obtained these spectra by adding the signals
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©) due toa-form (Figure 7b) to the signals calculated usingd,
Bpo) = (10°, 76° (104°)). The simulated spectra agree well with
ch?,ﬁica, shiﬁg / ppm the experimental results. We compared the present result with

Figure 9. 1D and 2D"C OMAS NMR spectra of the two-step-drawn '.[heﬁ-form model proposed by Olrts and co-workers. The n.wdel
UHMW-P(3HB) films. Only the carbonyl region is shown. The IS based on the WAXD observation of cold-drawn PHB/V films
experimental spectra (a) were observed at a spinning frequency of consisting of botlu-form andg-form. The model was obtained
14.988 kHz. ATC rf field was applied at 180.0 ppm (upper 2D) and by a conformational analysis based on energy minimization of
130.0 ppm (lower 2D), and the region where the rf field was applied 5 single P(3HB) chain with the observed fiber repeat of PHB/V

within +0.2w, from & is enclosed with dashed lines. The simulated . .
spectra (b) were obtained by adding the simulated spectra-form (0.460 nm) derived from the layer line stregkiNote that no

(Figure 7b) to the spectra calculated usingd fed = (10°, 76° other reflections were used to obtain thdorm model. We
(104)), which gives the minimum RMSD value and the distribution  obtained @pc, frc) = (4°, 10C°) for 5-form from the molecular
function of eq 5 withoj, = 0.07. model (Figure 2). The agreement between the present result and

bond lengths, bond angles, and plausible internal rotation anglestn® Préviously proposed model is satisfactory. While the WAXD

to satisfy the observed fiber period (0.596 nm) with calculation results provi_de or!Iy the fiber repeat length, th? present results
of the structure factors of the equatorial reflections and layer reveal the orientation of the carbonyl carbon. This result strongly

reflections and was refined by the diagonal least-s uaresSUpportS the molecular model gi-form. The differences
method6 We calculated the orier)(tation of ti?e=€(£—C moie?y between the present results and the WAXD based models both

in the crystal fixed frame, using the above models, and we fﬁr (é-for_rln dandﬂf—form can bz /attr:]buted :10 tggsdiffgrencg in.
obtained e, frd) = (26°, 31°) (Figure 2). The present results the detailed conformation and/or that in the orientation in

agree with the molecular model ofform based on WAXD. the molecular fixed frame for the carboryC CSA interaction.

Therefore, we assigned the signaloteform.

Figure 9 shows the spectra of the uniaxially two-step-drawn
UHMW-P(3HB) films. The WAXD diagram shows the reflec- The 1D and 2D'C OMAS NMR spectra of the uniaxially
tions due toa-form as well as an additional reflection due to drawn UHMW-P(3HB) samples witk’C in natural abundance
the introduction ofs-form (Figure 5c¢). Thus, the two-step-drawn  were observed. The signal @gkform in the two-step-drawr&DV

Conclusion
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UHMW-P(3HB) film was clearly distinguished from that of
o-form by the 1D OMAS NMR method. The orientations of
the carbonyl carbon both fax-form andg-form were deter-

Macromolecules, Vol. 39, No. 12, 2006

(15) Tanaka, T.; Aoyagi, Y.; Dai, Y.; lwata, TSen’i Gakkaish2004 60,
309.

(16) Yokouchi, M.; Chatani, Y.; Tadokoro, H.; Teranishi, K.; Tani, H.
Polymer1973 14, 267.

mined by the 2D OMAS NMR method and compared to the (17) Orts, W. J.: Marchessault, R. H.; Bluhm, T. L.; Hamer, G. K.

WAXD-based models. Since the 2D OMAS NMR spectra was

Macromolecules199Q 23, 5368.

sensitive to the molecular conformation in uniaxially oriented (18) Iwata, T.; Fujita, M.; Aoyagi, Y.; Doi, Y.; Fujisawa, Biomacro-

samples, the 2D method can be useful to refine the molecular
models proposed by the other methods such as WAXD. Note

that the present approach does not reqtie labeling. This

approach can be applied not only to P(3HB) samples but also

to any other uniaxially oriented samples.
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