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Abstract

Solid-state NMR techniques have been employed to investigate the domain structure and mobility of the bacterial biopolymeric metabolites
such as poly(3-hydroxybutyrate) (PHB) and its copolymers poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing 2.7 mol%
(PHBV2.7) and 6.5 mol% (PHBV6.5) 3-hydroxyvalerate. Both single-pulse excitation with magic-angle spinning (SPEMAS) and cross-
polarization magic-angle spinning (CPMAS) '*C NMR results showed that these biopolymers were composed of amorphous and crystalline
regions having distinct molecular dynamics. Under magic-angle spinning, 'H T » and 13C T, showed two processes for each carbon. Proton
relaxation-induced spectral editing (PRISE) techniques allowed the neat separation of the '*C resonances in the crystalline regions from those
in the amorphous ones. The proton spin—lattice relaxation time in the tilted rotating frame, H TlTp, measured using the Lee—Goldburg sequence
with frequency modulation (LGFM) as the spin—locking scheme, was also double exponential and significantly longer than 'H T, - The differ-
ence between H TlTp for the amorphous and crystalline domains was greater than that of "H T),. Our results showed that the H TlTp differences
could be exploited in LGEM—CPMAS experiments to separate the signals from two distinct regions. 'H spin-diffusion results showed that the
domain size of the mobile components in PHB, PHBV2.7 and PHBV6.5 were about 13, 24 and 36 nm whereas the ordered domain sizes were
smaller than 76, 65 and 55 nm, respectively. The results indicated that the introduction of 3-hydroxyvalerate into PHB led to marked molecular
mobility enhancement in the biopolymers.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction more than 70 different genera [1] in the form of polyesters
of hydroxyalkanoates (or hydroxylated fatty acids). The bio-
polymers can be accumulated intracellularly up to 90% of
the cell dry weight, acting as a carbon and energy reserve
[2,3]. PHAs are normally biosynthesized from carbohydrate
(or carbon dioxide and water) and readily degraded into hy-
droxycarboxylic acids, which are normal endogenous metabo-

lites of living systems; ultimately the degradation products

Polyhydroxyalkanoates (PHAs) are the biopolymeric me-
tabolites of gram-positive and gram-negative bacteria from
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are water and carbon dioxide, producing no new or extra car-
bon dioxide loads to the environment. Therefore, PHAs are
renewable, biodegradable, biocompatible and environmental
friendly natural alternatives to the petroleum based materials.
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As a class of optically pure PHAs, PHB has been found
widespread [4] in the living systems including the cytoplasmic
membrane and cytoplasma of Escherichia coli, in the mem-
brane of yeast, plants and animals. Upon biodegradation, it
produces 3-hydroxybutyrate (3HB), which is a mammalian
endogenous metabolite also known as ‘““ketone body” hence
enabling PHB to have excellent biocompatibility particularly
with the mammalian systems. Such biodegradability [5,6]
and biocompatibility [7,8] together with the renewable and en-
vironmental friendly nature make PHB particularly attractive
for many applications such as in biomedical materials [9],
drug delivery systems [10], food packaging and biodegradable
plastics [11]. With potential applications as the major driving
force, many copolymers of 3HB have also been prepared via
biosynthesis, such as poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBYV). It has been found that the introduction of
the medium and long side chain hydroxyl fatty acids results
in pronounced changes in the physical properties of PHB
especially its elasticity [8].

It is conceivable that the structural, dynamic and interaction
properties of PHB and its copolymers are key factors governing
their properties in biological functioning and functionality in
applications. The elucidation of such properties is, therefore,
fundamentally important to understand the mode of actions
of these polyesters in the living organisms and the functionality
in their applications. Extensive researches have been carried
out on PHB and some of its copolymers using a variety of tech-
niques including DSC [12,13], X-ray diffraction (XRD) [14,15]
and NMR [16—19]. Among many physical techniques, high-
resolution solid-state NMR is not only non-invasive and non-
destructive method to facilitate in sifu investigations but also
able to provide information on molecular structure, dynamics
and interactions of polymers, especially natural polymers
[20—22].

XRD results have shown that PHB and PHBV (Fig. 1) have
similar crystalline structures; both have 2, helical conforma-
tions with the fiber periods of 0.596 and 0.556 nm, respectively
[23]. The crystallinity of PHBV was in the range from 62% to
69% depending on the HV concentration and decreased with
the increase of 3-hydroxyvalerate (HV) content [24]. DSC
results [25] showed that, compared with PHB, PHBV has
lower glass transition temperature (1), melting point (Ty,)
and crystallinity. PHBV also showed reduced brittleness and
enhanced elasticity [8], which may be related to their different
microstructural and molecular dynamic properties.

Solid-state NMR studies revealed that the degree of crystal-
linity (X.) is higher in PHB (about 70%) than PBHV and some
discrepancy was evident in X. values obtained from the
CPMAS and SPEMAS NMR experiments [15—18,26]. For
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Fig. 1. Schematic representation of the chemical structural features of poly-
(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate).

both PHB and PHBYV, the X, values obtained from CPMAS
NMR experiments were consistently greater than those from
SPEMAS NMR [15—18,26] presumably owing to the 'H T, o
relaxation during the contact time in CPMAS NMR even
though no authors have discussed about this point so far. The
co-crystallization and isomorphism phenomena of PHBV con-
taining more than 30 mol% HYV have been extensively studied
using high-resolution solid-state '>*C NMR spectroscopy and
DSC [27—29]. Results showed that two crystalline phases,
a-phase and B-orthorhombic phase, existed apart from the
amorphous phase. PHBV containing 14—98 mol% HV has
also already been studied [28,30] in terms of the co-monomer
compositional distribution, thermal and morphological charac-
teristics using WAXD, DSC and solid-state NMR. The results
showed that when the HV content was lower than 47 mol%,
PHBYV has similar crystalline lattice to that of PHB with the
HV unit as the crystal constituent whereas when the HV con-
tent was higher than 52 mol% crystalline lattice appeared to be
similar to that of poly(3-hydroxyvalerate). Furthermore, whilst
the T, value of PHBV decreased consistently with the increase
of 3HV content, the T, and AH showed a minimum when
3HV was about 40—50 mol% [28,30]. In contrast, PHBV
containing less than 14 mol% 3HV seemed to be less exten-
sively studied. Random copolymers of P(BHB—3HV) with
0—27 mol% 3HV have been examined [31] using 13C CPMAS
NMR to determine the crystallinity and the partitioning of the
minor fraction residues of 3HV into the crystalline region
PHB-type lattice. The signals of the crystalline and those of
the amorphous regions were separated according to their
different 'H, , relaxation [31]. The X, values were obtained
from the amplitude of the two components by spectral decon-
volution of the '*C CPMAS NMR spectra. These X, values are
still expected to be overestimated due to 'H T, , relaxation
decay even during the short (0.7 ms) contact time.

Less work has been done for the PHBV containing low
3HV monomer (<10 mol%) and the structural features related
to the local mobility properties of PHB/PHBYV are even less
researched though these properties may be important in under-
standing the physical properties of the biopolymers. Conse-
quently, a number of questions remain unanswered such as
‘what are the domain sizes of crystalline and amorphous
regions in PHBV’, ‘how does 3HV content affect the domain
sizes’, ‘what is the nature of the molecular dynamics for these
domains’, ‘are there any relationships between the structural
and dynamic properties and their macroscopic properties’, if
yes, ‘what is the relationship’. To answer some of the ques-
tions, solid-state NMR is the method of natural choice since
it can provide information in molecular structure, dynamics
and interactions non-invasively and non-destructively; hence
in situ information may be obtained. For instance, in multiple
domain biopolymer systems, multiple processes are often
observed for 'H T, o and T owing to inefficient spin diffusion
on these time scales. This provides a unique opportunity to
probe the structural and dynamic properties using proton
relaxation-induced spectral editing (PRISE) techniques. It
has shown as in the examples of plant cell wall systems [32]
and the microstructure of native starch granules [33] that
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PRISE techniques are useful not only in separating '*C signals
from different domains but also in revealing the structural
features associated with different molecular dynamics.

In the present study, '*C CPMAS, SPEMAS and PRISE
NMR techniques are employed to investigate the structural
characteristics of the semi-crystalline biopolymers PHB and
PHBYV containing 2.7 mol% and 6.5 mol% HV in different do-
mains and dynamic states. The domain sizes and ratios are
measured quantitatively. The HTlTp (spin—lattice relaxation
in the tilted rotating frame) has been studied for its usefulness
in such systems and feasibility as a way of spectral editing.
These results are interpreted in terms of their structural and
molecular motional properties in the solid state.

2. Experimental section
2.1. Materials

Poly(3-hydroxybutyrate) (PHB, My, = 470,000 g/mol) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) con-
taining 5 wt% and 12 wt% 3-hydroxyvalerate were purchased
from Aldrich Chem. Co. (Milwaukee, WI, USA, No. 80181-
31-3) and used without further processing. They represent
PHBV containing 0%, 2.7 mol% and 6.5 mol% HV. Our
DSC results showed that the glass transition temperature (1)
was 274, 273, 270 K and the melting temperature (T,,,) was
439.7, 4294 and 426.3 K for the PHB, PHBV2.7 and
PHBV6.5, respectively. For the convenience of description,
they will be referred to as PHB, PHBV2.7 and PHBV6.5, re-
spectively, in the following discussions. All samples were dried
for at least 24 h in vacuo at 80 °C before NMR experiments.

2.2. High-resolution solid-state NMR spectroscopy

13C cross-polarization magic-angle spinning (CPMAS) and
13C single-pulse excitation magic-angle spinning (SPEMAS)
NMR spectra were recorded on a Varian InfinityPlus-300
NMR spectrometer equipped with a standard Chemagnetic
magic-angle spinning probe head, operating at 299.98 MHz
for "H and 75.12 MHz for '°C, respectively. Typically, about
50 mg sample was packed into a 4 mm zirconium oxide rotor
and spun at about 6 kHz (=1 Hz). For the CPMAS NMR, the
Hartmann—Hahn matching condition was optimized using
hexamethylbenzene (HMB). Two contact times were em-
ployed as 0.8 ms and 2 ms with the recycle delay of 6 s and
proton 90° pulse length of 4.3 ps. For SPEMAS NMR, the
recycle delay was selected as 30 s and 2 s, respectively, to ac-
quire spectra with complete relaxation for some of the signals
and the components with short '*C T relaxation time. The '*C
chemical shifts were referenced to a solid HMB sample exter-
nally as 17.35 ppm for the methyl groups. The '*C T, was
measured using the pulse sequence developed by Torchia
[34]; the 'H T, and HTlTp were measured indirectly using
the CPMAS based pulse sequences [35—37] as shown in
Fig. 2. All relaxation time values were obtained by curve fit-
ting using a Levenburg—Marquardt nonlinear curve-fitting
routine installed in TableCurve 2D 5.0 (AISN Software) on
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Fig. 2. The pulse sequences for measuring BCT, (@, 'H T, (b)and H TlTp (©)
of PHB and PHBV.

a personal computer. For the 'H T, and H T{, relaxation-
induced spectral editing experiments, a single contact time
of 0.8 ms was used. For 'H Ty, and HT{, partially relaxed
spectra, the relaxation delay was chosen such that the short
component was decayed below 1% of its initial intensity while
the long components were only partially relaxed.

2.3. Measurements of crystallinity

Crystallinity (X.) was measured by deconvoluting the '*C
signals of methyl groups at 21.3 ppm. The X, values were cal-
culated as the area percentage of the sharp peak amongst the
total peak area. It has to be noted that the crystallinity so ob-
tained included both the long range and short ranged ordered
domains whereas the X-ray results included only the long
range ordered structural domains.

2.4. Proton spin-diffusion measurements and domain
sizes of biopolymers

The static 'H solid-state NMR spectra of the samples were re-
corded with the same equipment as described in Section 2.2 with
a single-pulse acquisition. The 90° pulse length was 4.3 ps and
the recycle delay was 6 s. The proton 7, of the mobile compo-
nent (as shown in Fig. 6a) was measured using Carr—Purcell—
Meiboom—Gill (CPMG) sequence [38,39], (90— (7g —
180,— 7E),,), with total relaxation delay (2n7g) up to 10 ms.

For spin-diffusion measurements, Goldman—Shen pulse se-
quence [40] was employed with the inter-pulse delay of 15 ps
between the first two 90° pulses to eliminate the 'H magneti-
zation of the rigid component, leaving that of the mobile one
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less attenuated. After storing the remaining magnetization in
z-axis for various period of mixing time (¢,,), the intensity of
the mobile components was measured via spectral deconvolu-
tion to extract spin-diffusion parameters. From the diffusion
curves (Fig. 8), the initial linear points were fitted into a linear
equation (e.g. y=ax + b) (dotted line in Fig. 8) to obtain the
(tfﬁo)l/ ? values as the intercept of the linear decay to the
horizontal axis. The domain size of the mobile components
was then calculated from (tfr'lo)l/ * according to Egs. (1) and
(2). It has to be noted that our assumption does not consider
any interface between different domains.

3. Results and discussion
3.1.°C CPMAS NMR spectroscopy of PHB and PHBV

With contact time of 0.8 ms, 13C CPMAS NMR spectrum
of PHB (Fig. 3a) shows clearly resolved four resonances at
171, 69.6, 42.8 and 21.3 ppm corresponding to CO, CH,
CH, and CHj groups, respectively. Close inspection reveals
that these signals are all composed of a sharp signal and
a broad one (see insets). The sharp ones have a line-width
(at the half height) of about 40 Hz whereas the broad ones
are about 120 Hz. The sharp signals probably arise from or-
dered structure whereas the broad ones are from the disordered
structure. For clarity of discussion, they are referred to as crys-
talline and amorphous regions, respectively, although it has to
be noted that the crystalline regions include both long and
short range ordered structures. This implies that there are at
least two structural domains in PHB. When the contact time
of 2 ms was used, the intensity of the broad components in
the PHB spectrum (Fig. 3b) is substantially attenuated (see
insets). This indicates that the broad components have a 'H
T,, in the range of milliseconds, suggesting that this compo-
nent is associated with the domains with substantial mobility.
This also imposes a potential problem for '>°C CPMAS NMR
methods to be used to evaluate the crystallinity of this type of
biopolymers.

In principle, CPMAS NMR spectra can be used to evaluate
the ratio of the biopolymers in two different domains. How-
ever, CPMAS NMR method does have some drawbacks
from quantification point of view since the efficiency of polar-
ization transfer (or cross-polarization) is dependent on the
strength of C—H dipolar interactions, thus the type of carbon
and its mobility, and the rate of 'H T, relaxation compared
with the contact time especially in the case of multiple domain
biopolymers. As an alternative, '’*C SPEMAS NMR spectros-
copy can obtain a more reliable measurement of the ratios for
different structural domains although a long relaxation delay
(acquisition time plus recycle delay) is required in such cases.
To assure the repetition time is long enough to have a fully
relaxed '>C NMR spectrum, the knowledge of '*C T, relaxa-
tion time is a pre-requisite.

In our case, the B¢ T, values for both crystalline and amor-
phous domains were measured for PHB, PHBV2.7 and
PHBV6.5 and tabulated in Table 1 together with the relative
proportions of both components (fc). It has to be noted that
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Fig. 3. '*C CPMAS NMR spectra of poly(3-hydroxybutyrate) at 294 K, with
contact time of (a) 0.8 ms and (b) 2 ms, at a spinning rate of 6 kHz. The
asterisk denotes spin sideband. Inset shows the expansion.

the fc values are not directly related to the number of spins in
the different domains but percentage contributions to the relax-
ation of whole system. From the results (Table 1), it can be seen
that the *C T, relaxation for all carbons of PHB and PHBYV is
double-exponential process. The long component of '*C T, for
all carbons, is about an order of magnitude longer than that of
the short ones, confirming that two vastly different dynamic
states are present. In addition, for all the three biopolymers in
the same dynamic state, the B T, values decrease steadily
as a function of the number of protons attached (Table 1).
This is not surprising and indicates that the '>C T relaxation
is driven by '*C—"H dipolar interactions, which is dominated
by the directly attached protons. Furthermore, PHBV samples
showed shorter 1*C T, than PHB for the backbone carbons of
the long T, components and these '*C T, values decrease
with the increase of the HV concentration (Table 1). Such



2932

L. Zhang et al. | Polymer 48 (2007) 2928—2938

Table 1
'y, 13C relaxation and spin-diffusion data for PHB, PHBV2.7 and PHBV6.5 at 294 K
PHB PHBV2.7 PHBV6.5

BC T (5)° —CO 165(65%)* 17(35%) 115(69%) 13(31%) 110(65%) 10(35%)
—CH 93(68%) 5.0(32%) 67(66%) 6.5(34% 59(67%) 5.8(33%)
—CH, 75(72%) 4.2(28%) 54(71%) 4.4(29%) 48(70%) 4.1(30%)
s-CH,(V) 39(73%) 1.8(27%) 36(75%) 1.4(25%)
—CH;3(B) 2.8(79%) 0.4(21%) 4.0(81%) 0.3(19%) 4.2(80%) 0.2(20%)
—CH;(V) 4.3(82%) 0.6(18%) 4.7(83%) 0.4(17%)

'H T, (ms)° —CO 98.8(67%) 6.7(33%) 90.2(68%) 5.3(32%) 89.3(69%) 4.931%)
—CH 70.5(71%) 3.3(29%) 64.4(72%) 2.8(28%) 57.4(73%) 2.5(27%)
—CH, 70.6(70%) 4.2(30%) 65.2(69%) 3.7(31%) 60.3(71%) 3.3(29%)
s-CH,(V) 69(73%) 3.3(27%) 61.6(72%) 2.8(28%)
—CH;(B) 77.4(80%) 5.9(20%) 70.5(77%) 5.4(23%) 63.5(74%) 4.7(26%)
—CH;(V) 67.5(81%) 2.5(19%) 59.3(82%) 2.3(18%)

HT], (ms) —CO 471.6(58%) 21.5(42%) 417.7(66%) 21.7(34%) 409.3(65%) 26.9(35%)
—CH 416.5(67%) 33.7(33%) 412.8(71%) 27.4(29%) 381.7(74%) 34.3(26%)
—CH, 433.2(66%) 45.2(34%) 404.5(68%) 41.6(32%) 392.9(73%) 45.2(27%)
s-CH(V) 422.5(73%) 40.4(27%) 401.4(70%) 51.6(30%)
—CH;(B) 508.7(78%) 50.1(22%) 477.8(69%) 51.6(31%) 453.5(66%) 47.3(34%)
—CH;3(V) 421.7(72%) 25.3(28%) 406.3(75%) 22.1(25%)

(£9)'* (ms'?) 1142 20542 31541

T3 (ms)® 0.234 0.303 0.394

D2 (nm/ms'?) 111 1.07 1.01

Domain size (mobile part, nm) 13+£2 24+2 36+1

Domain size (rigid part, nm) 15-76 12—65 11-55

% The component proportion (fc) is not related to the number of spin in domain but percentage of contribution to relaxation of the whole system.

" The fitted errors of slow and rapid were within 8% and 5%, respectively.

¢ The fitted error was within 5%.
The fitted error was within 3%.
T, of the mobile component.

13C T, depression resulting from the introduction of HV can be
attributable to two possibilities, namely, weakening of the C—H
dipolar interactions and enhancement of the molecular mobil-
ity. Since addition of HV in the polymeric assembly will not
affect the existing C—H bond length in PHB, which determines
the C—H dipolar interactions, the enhancement of molecular
mobility is probably the major reason behind the above obser-
vation. The changes for the short '*C T; components upon the
introduction of HV unit were less drastic. Assessments of the
ratios of such dynamic states are important from structure—
property relationship point of view.

3.2. Crystallinity for PHB and PHBV

Since solid-state NMR is sensitive to both short range and
long range ordered structures, the crystalline phase discussed
here will include both, thus the crystallinity measured here
will also include contributions of both such long and short range
ordered phases. As discussed earlier, when used to estimate the
crystallinity of our biopolymers, '*C CPMAS NMR spectra
may lead to an overestimation since the 'H T} p relaxation for
the mobile components was much faster (T, ~ 3—7 ms) than
that of the crystalline regions (T, ~ 77—98 ms) (see Table
1). For SPEMAS NMR, on the other hand, with some of the
13C T values well exceeding 100 s, an extremely long recycle
delay (>500 s) has to be used to obtain fully relaxed thus quan-
titative '>C NMR spectra. Alternatively, a small pulse angle

may have to be used to sacrifice the signal-to-noise ratios. Nev-
ertheless, since the side chain methyl groups are all relaxed
much faster (~5s) (Table 1) and its signals are all well re-
solved from others, methyl group signals can be employed to
conduct such quantitative assessment with no necessity to
wait for other carbons to relax completely. Furthermore, it is ex-
pected that methyl group ought to be in the same domain as the
bulk backbone since methyl group is only one C—C bond away
from the backbone whereas domain sizes are much greater
for both crystalline and amorphous domains. Based on such
thoughts, quantitative estimation of domain ratios was carried
out only from the peak of the side chain methyl group. In our
case, therefore, the SPEMAS NMR spectra were measured con-
veniently with a pulse repetition time of 30 s. The domain ratios
of our samples were quantified by deconvolution of methyl
groups as shown in Fig. 4. The ratios of the crystalline domain
or X, values are about 68 + 2%, 60 &+ 2% and 56 + 2% for PHB,
PHBV2.7 and PHBV®6.5, respectively. The literature reported
X. values were 81% for PHB from CPMAS NMR [31] and
64 £ 5% from the X-ray data [41]. Such values have been
reported as 74% and 72% for PHBV4.4 and PHBV6.7 from
CPMAS NMR [32]. The X. value for PHBV10 [41] was
61 +5% from X-ray data. Furthermore, our results of X-ray
analysis were 60 +2%, 55+2% and 53 +2% for PHB,
PHBV2.7 and PHBV®6.5, respectively. The X, values of XRD,
which was only sensitive to long range ordered structure,
were lower than above SPEMAS NMR data.
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Fig. 4. 13C SPEMAS NMR spectra of (a) PHB with recycle delay of 2 s and (b) PHB (c) PHBV2.7 and (d) PHBV6.5 with recycle delay of 30 s and the subtraction
of (b — a). The blue and red peaks denote resonant signals associated with amorphous and crystalline components, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

The X, value for PHB from our SPEMAS NMR is clearly
smaller than the results from the CPMAS NMR studies [31].
This can be reconciled when T'; , relaxation is taken into consid-
eration since in the previous '°C CPMAS studies the amor-
phous ratio was underestimated due to 'H T, » Telaxation
during the contact time. However, our results are in reasonable
agreement with the X-ray results for PHB [41] though slightly
higher than the X-ray results. The NMR results often showed
higher “‘crystallinity” than XRD data since NMR records
both long and short range ordered structures whereas the
XRD reports only the long range ordered structures. Our re-
sults, being in good agreement with the X-ray data within the
margin of error, suggest that these polymers have little short
range ordered structure. It is worthy noting that our X, results
are also in good agreement with our DSC results (data not
shown), indicating that our method is an excellent approach
to measure the crystallinity. Since there are no reported X,
data for PHBV2.7 and PHBV6.5 obtained from XRD so far,
we believe that our data are first accurate X, results for these
two biopolymers. From these data it is also observable that
the introduction of HV co-monomer appeared to raise the ratios
of amorphous structure and such ratio increase is positively cor-
related with the HV concentration. This is in good agreement
with the previous observation that introduction of HV enhances
the molecular mobility of the resultant biopolymers [42].

3.3. NMR spectral features from two domains

It is obvious from Table 1 that each carbon peak shows two
distinct '*C T, values. Although '*C T, relaxation is largely

dependent on the C—H dipolar interactions, for the similar
structures in the different structure domains, the same func-
tional groups are expected to have similar C—H bond length.
If the same group in different structure domains has different
13C T, relaxation efficiency, such differences can only result
from differences in mobility. Therefore, SPEMAS NMR
with carefully selected recycle delays can offer some selectiv-
ity for the signals of biopolymers in different dynamics states.
When the recycle delay was 30 s, most of the resonances
with short '*C T, were completely relaxed and that with
long '3C T, were, to large extent, relaxed though not com-
pletely. On the other hand, when the recycle delay was 2s,
only these resonances with '*C T, shorter than 2s were
present. The difference between these two spectra provides
spectral information on two components. Fig. 4 shows '*C
SPEMAS NMR spectra of PHB with recycle delay of 2s
(Fig. 4a) and 30s (Fig. 4b). With recycle delay of 2s,
Fig. 4a shows only some sharp resonances corresponding
probably to disordered regions with exception of CHj signals
since the rapid methyl group rotation results in much shorter
T,. Nevertheless, the sharp signal of CH; (21.3 ppm) was at-
tenuated revealing the presence of the broad signals
(19.8 ppm) at the relatively high field (Fig. 4b — a). This dif-
ference in '’C chemical shifts of 1.5 ppm was originated
from their different chemical environment. Therefore, the
long '3C T, for each peak is associated with the sharp signals
hence the crystalline phase, whereas the short T; component is
associated with the broad signals thus amorphous structure.
All three biopolymers showed double-exponential relaxa-
tion processes for the 'H Ty, (Table 1); the 'H T,, for the
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Fig. 5. '*C PRISE spectra of PHB for the expansion of CH, CH,, CH; and C=0 groups: (a) normal CPMAS spectrum with contact time of 0.8 ms, (b) 'H T, »
based CPMAS NMR spectrum with the relaxation delay (7sp) of 30 ms, (¢) LGFM—CPMAS NMR spectrum with the relaxation delay (7s1.) of 150 ms.

slow decay components is more than an order of magnitude
longer than that for the fast decay components. This offers a
good opportunity to assign the 'H T » components with struc-
tural details using the PRISE techniques. In our case, PRISE
experiments (Fig. 5) revealed that the long 'H T, , components
have a set of sharp signals in the CPMAS NMR spectra thus
are associated with the crystalline structures whereas the short
ones are associated with a set of broad signals assigned to the
amorphous regions.

For the H T]Tp, two components are also present for all three
biopolymers (Table 1), both of which are clearly longer than
those in the normal 'H T, o This is not surprising since
dipole—dipole interactions were the major relaxation driving
force; weakening of the dipole—dipole interactions by the
Lee—Goldburg sequence is expected to reduce relaxation

efficiency and thus increase the relaxation time. This is also
consistent with the observations made elsewhere [37]. The
difference between two components for H TlTp is also greater
than that for 'H T, o~ The combination of the Lee—Goldburg
sequence with frequency modulation (LGFM) [35] with
cross-polarization, as shown in Fig. 2c, was used as a spectral
editing approach. In this case, the proton magnetization was
initially spin-locked at the magic angle by a LGFM sequence
in the place of normal spin-locking as in the case of normal
T, (Fig. 2b). The results showed that, for all three biopoly-
mers, the long TlTp component is associated with the sharp sig-
nals corresponding to the ordered structure whereas the short
component is associated with the disordered structure. The
advantage of TlTp-induced spectral editing method over the
T),-induced ones is that greater difference between two
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components enables spectral editing to be done more conve-
niently especially for the systems having two T, components.

Above all, the conventional spectral editing methods as
well as the newly proposed spectral editing methods enable
us to confirm the assignments of the two structure domains
present in all three biopolymers. These results may provide
structural characteristics and some preliminary information
of their dynamic properties. Such properties in the molecular
level may in turn provide molecular basis for understanding
the thermal properties, such as glass transition (T,,) and melt-
ing temperature (T;,), and physical properties. Ultimately, cor-
relation of the molecular information with the thermal and
physical properties will be crucial for these biopolymers and
their functionality in applications. The results of such studies
of the molecular dynamics of these biopolymers are to be
reported elsewhere.

3.4. Wide-line proton NMR and domain sizes in PHB and
PHBV

The static wide-line 'H solid-state NMR spectra of all three
biopolymers showed a narrow signal superimposed on top of
a broad resonance (Fig. 6). When the proton spectra of each
sample were decomposed into a Gaussian and a Lorentzian

250 200 150 100 50 0 -50 -100 -150 -200 -250
ppm

Fig. 6. Static 'H solid-state NMR spectra of (a) PHB, (b) PHBV2.7 and (c)
PHBV6.5 at 294 K. The blue and red peaks denote resonant signals associated
with crystalline and amorphous components, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

line, the full-width at half height (Av,,,) and the areas of these
peaks were obtained. The Avy,, values for PHB, PHBV2.7 and
PHBV6.5 were about 2.3, 1.9 and 1.5 kHz for the sharp peak
(Fig. 6) and 28.6, 27.4 and 24.6 kHz for the broad signal, re-
spectively. The broad peak accounted for about 98.8%, 97%
and 86.7% of the whole proton signals for PHB, PHBV2.7
and PHBV6.5. These values are clearly much greater than
the X, values obtained from the 13C SPEMAS NMR results,
suggesting that whilst the narrow signal, in general, corre-
sponds to the mobile component with disordered structure,
the broad signal corresponds at least partially to the compo-
nent also with disordered structure with relatively slow mo-
tions. In fact only those protons with motions faster relative
to the half line-width (30 kHz or 7. < 10~ s) will be observed
as narrow lines, such disordered structures are expected in the
amorphous samples below or close to its T,. It is worth noting
that, in theory, when the sample temperature is well above T,
of the amorphous components and below T;,, of the crystalline
components, X, values may also be obtained by deconvoluting
the static proton spectra.

Domain sizes of both the crystalline and amorphous regions
can be determined via 'H spin-diffusion measurements pro-
vided the diffusion coefficients and domain geometries are
known. For the ordered structure that is generally in the rigid
regime, the 'H spin-diffusion coefficient [45] (Dy) is typically
1 nm?*/ms (i.e., ~10~"" cm?/s). Proton T} of these three poly-
mers was single exponential, suggesting that the spin diffusion
was efficient on 77 time scale. On the other hand, '"H T,
showed two components, indicating that the spin diffusion
was not efficient on the T, time of scale. Therefore, the upper
and lower limits of the crystalline domain size can be esti-
mated from the T and T, data. XRD results have shown
that PHB and PHBV have lamellar arrangement for their crys-
talline regions [43]. For PHB, the 'H T, value was about 1.2 s
and the upper limit for the crystalline domain size is estimated
to be 76 nm using the formula [44] (|d|) = (6D,T;)"*. With the

a

I 1 1
250 200 150 100 50 0 -50 -100 -150 -200 -250
ppm

Fig. 7. Static '"H NMR spectra of PHB obtained from the Goldman—Shen
sequence at 294 K with the mixing time ¢, of (a) 0.1 ms, (b) 10 ms, (c) 50 ms
and (d) 300 ms.
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long 'H T, » values on the scale of 100 ms, the lower limit for
the crystalline domain size of the rigid component is estimated
to be about 15 nm. In the same way, the estimated crystalline
domain sizes were in the range of 12—65 nm and 11—55 nm
for PHBV2.7 and PHBV®6.5, respectively. To our best knowl-
edge, the domain size data for these polymers have not been
reported before.

For the mobile components, the spin-diffusion coefficients
have to be measured to estimate the domain sizes, which
can be readily done by using the classical Goldman—Shen
sequence [40]. When the mixing time was 0.1 ms < ¢, < 10—
20 ms, the beginning part of the spin-diffusion curves has a
linear slope and the intensity at #,,, = 0 ms can be easily extrap-
olated from the first data points of the spin-diffusion curve
[45]. Proton spectra recorded after different mixing times
using Goldman—Shen sequence are shown in Fig. 7 for PHB.

The flow of longitudinal magnetization from the mobile do-
main into the rigid domain is obviously observed with increas-
ing mixing time (0.1, 10, 50 and 300 ms). Fig. 8 shows the
spin-diffusion curves for PHB, PHBV2.7 and PHBV6.5 plot-
ted as the normalized intensity of the mobile components as
a function of the square root of #,. As described in the previ-
ous work [46,47], the beginning part of the 'H spin-diffusion
curve for our polymers is also linear with respect to the root
of the mixing time. The domain size of the mobile components
can be calculated from the interception of the aforementioned
linear decay to the horizontal axis, tfﬁo, according to the Fick’s
second law (Eq. (1)) [46],
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Fig. 8. 'H spin-diffusion curves plotted as the normalized intensity against the square root of the mixing time for (a) PHB, (b) PHBV2.7 and (c) PHBV6.5 at 294 K.

The solid and dotted lines denote the plateau values and the (£0)
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values fitted by a linear equation, respectively.
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where ¢ is the number of orthogonal directions relevant for
the efficient spin-diffusion decay. For PHB, PHBV2.7 and
PHBV6.5, the XRD [43] results showed that they have lamel-
lar morphology, with polymer chains running perpendicular to
the crystallographic c-axis, thus the value of ¢ is 1 for our
biopolymers. The effective spin-diffusion coefficient D¢ can
be calculated using Eq. (2) [45,46,48—50],

2+/DnobiteDrigia
(vV/Diapite + \/Drigia)

VDeii = (2)

where D;jgiq is about 1 nm?/ms for the typical organic crystal-
line materials [45,46]. The previous studies [41] showed that
the D,opite Values correlate empirically with T, values, which
can be measured with the classical CPMG sequence. When the
T, values meet the condition of 0 < 1/T, < 1000 Hz and the
spin-diffusion coefficient (in nm?/ms) can be obtained as
described [46] in Eq. (3)

D(1/T,) = (8.2 x 10°°T;"° + 0.007) nm*/ms (3)

When the 1/T, values are between 1000 and 3600 Hz, their
relationship obeys an empirical relationship as described
[46] in Eq. (4).

D(1/T,) = (4.4 x 107*T;" + 0.26) nm*/ms (4)

From the diffusion curves (Fig. 8), (l‘fﬁo)l/ ? values for three
samples can be obtained [46] by fitting the initial linear points
into a linear equation (e.g. y = ax + b) (dotted line in Fig. 8).
The values are about 11 ms'?, 20.5 ms"? and 31.5 ms"? for
PHB, PHBV2.7 and PHBV®6.5, respectively. The D.g values
for PHB, PHBV2.7 and PHBV6.5 are 1.11, 1.07 and
1.01 nm/ms'”?, respectively. The mobile domain sizes calcu-
lated from Eq. (1) are about 13, 24 and 36 nm for PHB,
PHBV2.7 and PHBV6.5, respectively (Table 1). From these
data, it is apparent that the introduction of HV leads to the in-
crease of the domain size of the mobile part in the biopoly-
mers. The exact reasons for this dependence remain unknown.

The I/l values at plateau (solid line) of the spin-diffusion
curve, in theory, denote the relative ratio of the mobile and
rigid domains in the biopolymers [46]. As shown in Fig. 8,
these values are 0.54 4+0.02 for PHB, 0.58 +£0.02 for
PHBV2.7 and 0.66 4 0.02 for PHBV6.5. The X, values calcu-
lated from these ratios are 65%, 63% and 60% for PHB,
PHBV2.7 and PHBV6.5, respectively, which are only about
3—4% lower than the results from the '*C SPEMAS NMR
data. This small discrepancy probably results from the inac-
curacy of peak deconvolution and the presence of interfaces
between the rigid and mobile regions. Nevertheless, the depen-
dence of X, values on the HV content is consistent with the
NMR results discussed in Section 3.2.

4. Conclusion

A catalogue of solid-state NMR methods employed in this
study has shown that solid-state NMR is a powerful tool for

probing the structure and dynamics of the polyhydroxyalka-
noate biopolymers and for providing the structural details of
the domains in different dynamic states. Both homopolymer
PHB and its copolymers PHBV containing 2.7 mol% and
6.5 mol% HV are composed of amorphous and crystalline re-
gions having distinct dynamics. Such heterogeneity is related
to the monomer composition, which is similar to most of the
semi-crystalline polymers. As a result, there are two 'H T, p
components present and the long component is associated
with the crystalline regions whereas the short one to the amor-
phous regions. 'H spin-diffusion measurements concluded that
the domain sizes of these two regions are in the range of 15—
76 nm, 12—65 nm and 11—55 nm for the crystalline regions of
PHB, PHBV2.7 and PHBV®6.5, respectively, whilst the mobile
domain sizes are 13+2, 24+2 and 36+ 1 nm for PHB,
PHBV2.7 and PHBV6.5, respectively. With '*C SPEMAS
NMR, the crystallinity of them was determined as 68%,
60% and 56% for PHB, PHBV2.7 and PHBV®6.5, respectively.
In addition, it has been observed that introduction of HV en-
hanced molecular mobility of the biopolymers, raising the ra-
tios of the amorphous regions as a function of increased HV
content. Furthermore, conventional PRISE techniques were
shown useful in relating structure details to the different dy-
namics states indicated by the relaxation times. Moreover,
our newly proposed spectral editing method based on the
H TlTp difference was also efficient in separating signals from
two different domains.
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