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Abstract

Solid structures of the compositionally fractionated bacterial poly(3-hydroxybutyric acid-co-3-hydroxypropionic acid)s [P(3HB-co-
3HP)], bearing much narrower comonomer compositional distributions, were studied by high-resolution softdcstata.r. 'H-°C
cross-polarization relaxation behaviourc(; and T['p) of chain-carbon nuclei was found to strongly depend on the micro-environments
they were involved in, and the resonance contributions pertaining to different phases were therefore distinguished. Employing CP/MAS and
PST/MAS methods*C resonance signals from the crystalline and non-crystalline regions were selectively enhanced. The observed
chemical shifts demonstrated that co-crystallization did not occur in the P(3HB-co-3HP) system. Spin-lattice relaxatidrf Yiaies(bon
nuclei attributed to 3HB and 3HP units were found to be considerably different, reflecting their distinguishable difference in local segmental
dynamics. From the lineshape analyses of 3HB methyl carbon resonance measured by a DD/MAS method, it was revealed that the presence
of minor 3HP comonomer units significantly suppressed the crystallization of a 3HB-rich semicrystalline copolyester. In addition, a
correlation was found between average block length of 3HB sequences estimated by solutibiGstater. spectra and crystallizability
of semi-crystalline copolyester& 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction tailored by designating a desired 3HV comonomer content
[7].

There are numerous reports on the study of poly(hydrox-  So far, it is well known that the physical properties of a
yalkanoic acid)s (PHA), a class of aliphatic polyesters given bacterial copolyester will, in principle, be regulated by
naturally accumulated by a wide variety of environmental such putative factors as comonomer structure, average como-
microorganisms, which are now of great importance due nomer composition, comonomer compositional distribution,
to their biodegradabilities and biocompatibilities [1-5]. etc. To date, the effects of the former two factors have been
The variation in carbon sources can produce large kinds extensively investigated, while the third factor has, more or
of bacterial polyesters with diverse physical properties less, been neglected. In fact, the solvent/non-solvent fractio-
[4]. Further, physical characterization of the harvested nations of bacterial P(3HB-co-3HV)s by Mitomo et al. [8],
bacterial polyesters have been extensively done by many[9] and Yoshie et al. [10] have demonstrated the presence of
investigators [6]. Besides, it is interesting that by extremely broad comonomer compositional distributions.
adjusting the feeding ratio of carbon sources in complex Hence, strictly, the apparent properties of a bacterial copoly-
media it is possible to develop several kinds of bacterial ester are statistically averaged values of those of copolyester
copolyesters with desirable physical properties [1,4]; chains bearing different comonomer compositions, thus
for instance, the physical characteristics of the resulting in an uncertainty in physical characterization. To
commercialized bacterial poly(3-hydroxybutyric acid- exclusively clarify the comonomer composition dependence
co-3-hydroxyvaleric acid) [P(3HB-co-3HV)] can be of physical properties for bacterial copolyesters, samples

bearing no or narrower comonomer compositional distribu-
* Corresponding author. tions are indeed needed.
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In a previous work [11], the copolyester poly(3-hydroxy- (fully relaxed dipolar decoupling)/MAS method is performed

butyric acid-co-3-hydroxypropionic acid)s to quantitatively study the detailed phase structure. Moreover,
0 H 0 combining the results obtained from solutiti& n.m.r. mea-
/CH2 /'c' .o/ ¢ surements, the correlation between microstructure and crystal-
o B\CHZ 0/ \C H/ lizability of copolyester chain will be clarified.
o 2
3HP(P) 3HB(B)

P(3HB-co-3HP)

biosynthesized by the bacterium straMcaligenes latus
(ATTC 29713) have been fractionated via chlorofanm/  2.1. Materials
heptane mixed solvent. The comonomer compositional
distribution, thermal and crystallization behaviour have  Bacterial P(3HB) purchased from Aldrich (Lot no.
been thereby clarified for both ‘original’ as-produced 00925KF) was purified with chloroform an@hexane prior
P(3HB-co-3HP)s and their fractions. The evidences to use. P(3HP) chemically synthesized through ring-opening-
provided by solution™C n.m.r. analyses clearly indicated polymerization of propiolactone was supplied by Tokuyama
the much narrower comonomer compositional distributions Corp. (Tsukuba, Japan) and in turn purified in the same way as
of the fractionated copolyesters as compared to those of thefor P(3HB). A series of P(3HB-co-3HP) samples with narrow
original unfractionated bacterial products. comonomer compositional distributions were prepared via the
On the basis of the fractionated P(3HB-co-3HP)s bearing chloroformh-heptane fractionation of bacterial P(3HB-co-
narrower comonomer compositional distributions, the pri- 3HP)s as elucidated in a previous paper [11]. The character-
mary objective of this paper is to examine the 3HP mono- istics of P(3HB), P(3HP) and the fractionated copolyesters
mer-content dependence of solid structure by meart3®f  with 3HP contents spanning the whole range of comonomer
n.m.r. spectroscopy. Firstly, the dependence of magnetiza-composition are summarized in Table 1.
tion transferring rate from naturally abundaft to °C
nuclei on either the sites of carbon atoms or phases in2.2. Analytical procedures
which they located, will be studied by CP/MAS (cross
polarization/magic angle spinnindgjC n.m.r. experiments High-resolution solid-staté’C n.m.r. spectra were mea-
with various contact times. Subsequently, utilizing CP/MAS  sured at ambient temperature on a JEOL GSX-270 spectro-
and PST (pulse saturation)/MAS methods [12], the informa- meter operating at 67.9 MHz. Each polymer sample was
tive signals attributable to crystalline and amorphous origins packed into a zirconia rotor with a polyimide cap. All
are selectively enhanced. The possibility of occurrence of n.m.r. spectra were recorded under high-power proton
co-crystallization phenomenon in the P(3HB-co-3HP) copo- dipolar-decoupling (ca. 54.1 kHz) at the optimized MAS
lyester system is critically discussed on the chemical shifts. rate of 4.4—4.6 kHz, and 512—2048 free induction decays
Further, local dynamics will be studied by analysing tf@ (FID) were accumulated with 2-k data points. In the
spin-lattice relaxation behaviour in the laboratory frame. common CP/MASYC n.m.r. experiment*H—3C contact
The deconvolution of resonance lines acquired by DD times (CT) were set to 2—4 ms, depending on different

2. Experimental

Table 1

Characteristics of the fractionated P(3HB-co-3HP)s and homopolymers P(3HB) and P(3HP)

Sample code 3HP (mol%) M, ( X 107%) Mu/M,, Remarks
P(3HB) 0 2.13 1.52 Bacterial origin
AFO 36.5 2.65 2.53 Original

AF9 13.2 1.76 1.86 Fractionated
AF8 15.9 2.57 2.34 Fractionated
AF7 23.8 2.40 251 Fractionated
AF6 21.9 2.03 2.90 Fractionated
AF5 38.3 2.17 2.97 Fractionated
AF4 48.0 1.65 3.43 Fractionated
AF3 53.1 3.09 1.90 Fractionated
AF2 60.1 3.33 2.12 Fractionated
AF1 73.6 4.49 1.76 Fractionated
BF4 77.9 1.87 3.08 Fractionated
BF3 86.2 2.45 1.45 Fractionated
BF2 89.6 1.83 2.22 Fractionated
BF1 95.9 2.50 1.76 Fractionated
P(3HP) 100 1.54 2.32 Chemosynthetic

®Details in Ref. [11].
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crystallinities of the investigated polymers. Similarly, the
pulse-saturation times of PST/MAS method were optimized were performed as follows: firstly, the original FID real data

3311

Lineshape analyses of the interested carbon resonances

from 20 to 30 s in accordance with the local dynamics of were zero-filled to 8-k, then Fourier-transformed and phase
copolyesters in the amorphous regions. Conventional CPT1corrected. Subsequently, the deconvolution of resonance line
pulse sequence developed by Torchia [13] was applied towas carried out by the least squares method on an assumption
monitor the spin-lattice relaxation behaviour of the semi- of the Lorentzian lineshape mathematically described as

crystalline polymers, and°C spin-lattice relaxation times

(T%) were approximately estimated by the so-called empiri- L(x) =

cal bi-exponential model [14]. A pulse repetition time of 5 s

YoW?
W2+ 4(x — Xo)?

@)

was used in both CP/MAS and PST/MASC n.m.r. whereYy, W andx, express the maximum height, the half-
experiments. It is necessary that a repetition time should height width, and the centre of the deconvoluted peak,
be longer than at least five times relaxation tinT§) (of respectively. The contributions combined to reproduce the
an interested carbon nucleus for ensuring the completeoriginal resonance lines were assignable to the resonances
recovery of the equilibrium magnetization [15]. Hence, for stemming from the carbon nuclei locating in different mole-
acquiring accurately the signals attributed to different cular environments. Consequently, the dependence of crys-
phases in the DD/MAS experiment, a repetition time was tallization behaviour on comonomer content was
practically set to 30 s which was confirmed to be longer than quantitatively discussed in detail.
five times TS of methyl carbon of the 3HB unit in the
crystalline region*C n.m.r. chemical shifts were referred
to the CH; resonance of hexamethylbenzene, which was 3. Results and discussion
used as the external standard (17.4 ppm from TMS).

To estimate the average block length of 3HB sequences of3.1. CP/MASYC n.m.r. spectra and cross-polarization
the fractionated copolyester§’C solution n.m.r. spectra in  relaxation behaviour
CDCIl; were measured at room temperature on a JEOL GSX-
270 spectrometer operating at 67.9 MHz, with @2pulse Fig. 1 depicts the integratedC resonance intensities for
width (9C pulse), 27027 Hz spectra width, 64-k data points, P(3HB) as a function of CP contact timg.(The resonance
5 s repetition time and 16 000—-20000 FID accumulations.  intensity of carbon at each site of 3HB unit initially
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Fig. 1. The integrated resonance intensities of carbon nuclei at different sites as a function of contact time for P(3HB). (Dashed line: catbelateddyy
fittings according to Eq. (2)).
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increases rapidly, and finally decreases in a more gradualdistinguishing the multiple phases in poly(1,3-dioxolane).
manner. In principle, under the matched Hartmann-Hahn Accordingly, the variable-contact time CP/MASC
condition, *H and **C magnetizations locked in their indi- n.m.r. experiments were done for the fractionated P(3HB-
vidual channels are mixed, and magnetizations of naturally co-3HP)s. Fig. 2 enumerates the resonance of methylene
abundant protons will transfer to those of rdf€ nuclei carbon at thex-site of 3HP unit (situating around 31.0—
through the short-range statfti—"*C dipolar interaction 34.0 ppm) as a function of contact time for P(3HB-co-
[16]. According to the cross-polarization dynamics [17], 86.2 mol%3HP), interestingly indicating the splitting of
3 magnetization buildup can be mathematically expressedresonance signals. The split situating at 34.2 ppm appears

by invoking cross-polarization relaxation timé& ) and later and is assignable to the resonance arisen from the
proton spin-lattice relaxation time in the rotating frame nuclei in the amorphous regions due to its slower magneti-
(T{'p) as follows, zation transferring rate. Thus, it can be concluded that 3HP
Ny units were distributed in at least two phase structures. The

Mq(t) = Mg T, (eml'j) _ et/TCH) @) results of X-ray diffraction [11] revealed that the fractio-
T{/‘J —TcnH nated 3HB-rich and 3HP-rich copolyesters were semi-crys-

talline polymers, forming 2 helix crystalline structures
whereM, is a constant for each carbon at the specific site. In having lattice parameters corresponding to those of
Fig. 1, the fitting results shown as dash lines are also P(3HB) and P(3HP), respectively. The evidences provided
presented. Here, it should be noted that the integratedby the variable-contact timEC n.m.r. experiments confirm
intensities are apparent values, involving contributions that the 3HP units are essential to comprise the P(3HP)
ascribed to the resonances in different phase structureslattice-type crystallites for the 3HP-rich semi-crystalline
Fortunately, due to the high crystallinity of P(3HB) as copolyesters. Furthermore, these interested carbon reso-
reported to be about 60—-80% [1,2], the integrated intensities nances were deconvoluted into two contributions situating
can be thought as mainly reflecting the resonance in theat 34.2 and 31.3 ppm, which, respectively, represent the
crystalline portion, because of higher CP efficiencies of resonances in the amorphous and crystalline regions.
carbon nuclei in the crystalline regions than those in the Results of curve-fittings are presented in Table 2. Thg
amorphous regions [18]T¢y values estimated by the value for the nuclei in the amorphous regions is longer than
curve-fittings are summarized in Table 2. The proton- that in the crystalline regions, suggesting faster molecular
bonded carbon nuclei exhibited shorter cross-polarization motion in the amorphous regions.
relaxation times than carbonyl carbon, indicating their faster  In general, maximum resonance intensities were
magnetization transferring rates due to the static interactionsobserved at a contact time of around 1.8—2.5 ms for differ-
through *H-"3C dipolar coupling. ent nuclei of homopolymers and the fractionated copoly-
In a view of Table 2,T{, values of 28.0 ms obtained by esters. Therefore, a contact time of 2.0 ms was applied as
curve-fittings seem to be independent of the specific site in the common condition in the following CP/MASC n.m.r.
the 3HB unit. This phenomenon can be accounted for by the experiments.
efficient spin diffusion over the proton ensembles in the
crystalline regions [19]. In Table 2, CP relaxation behaviour 3.2. Chemical shift and phase structure
for P(3HP) are also described. In contrast to P(3HB), carbon
nuclei at the corresponding sites of P(3HP) show relatively  Isomorphism, a phenomenon of co-crystallization
shorterTcy values, indicating their faster cross-polarization observed in the bacterial P(3HB-co-3HV) system, has
relaxation behaviour. extensively been studied by many investigators [21-25].
Recently, Du Prez et al. [20] reported that the CP We here focus our attentions on the study whether the
experiments combined with MAS were capable of same phenomenon occurs in the bacterial P(3HB-co-3HP)s.

Table 2
Cross-polarization relaxation tim@g, and proton spin-lattice relaxation times in the rotating frél'rﬁ)efor P(3HB), P(3HP) and P(3HB-c0-86.2 mol%3HP)
Sample  CH(3HB) CH(3HB) Cc=0 CH,(3HP) CHy(3HP)
Ten T Ten T Ten T, Ten T, Teu(©)° THlp(C)d Ten(a)! TTp(a)d
P(3HB)Y* 0.28 28.0 0.20 0.25 28.0 0.56 28.0
P(3HB-co- 0.24 145 0.56 10.0
86.2 mo-
1%3HP)°
P(3HPY 0.50 14.0 0.15 14.0 0.16 14.0

29ndicate the results obtained by fitting the total carbon resonance intensities at the individual sites according to Eq. (2).

PExpresses the values derived from fittimgsarbon resonance intensities attributed to the crystalline and amorphous phases with the aid of resonance line
deconvolution.

4T en(c), TT,,(C), Tcu(a) and‘l*l,(a) represent the relaxation times in the crystalline and amorphous regions.
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Fig. 2. The'*C n.m.r. resonance line of GHt thex site of 3HP unit for P(3HB-c0-86.2 mol% 3HP) as a function of CP contact time.

Chain carbons included in the individual molecular quite similar to the spectrum of P(3HB), whereas the
environments (e.g. the ordered crystalline, disordered andP(3HP)-type resonance features are observed for the 3HP-
transitional regions, etc.) are known to exhibit the different rich copolyesters. Further, in the order of increasing 3HP
chemical shifts and relaxation behaviour for semi- content, the broadening of resonance is explicitly detected,
crystalline polymers [15], [23], [24]. In this study-*C particularly for the 3HB methyl carbon resonance. Even
n.m.r. spectra were measured by CP/MAS and PST/MAS though the accumulation time was increased from 512 for
methods for the purpose to preferentially acquire the signalsP(3HB) to 2048 for P(3HB-c0-48.0 mol%3HP), only a
attributable to the crystalline and amorphous regions, spectrum with poo&N ratio could be obtained for the latter
respectively. due to the significantly lowered crystallinity. In addition, it

Fig. 3 depicts the CP/MAS’C n.m.r. spectra of homo- is noted that the intensities of signals attributed to the 3HP
polymers and the fractionated copolyesters with various units are found to be close to noise level despite the varia-
3HP contents. Resonance features can be approximatelytion of 3HP content (13.2—48.0 mol% 3HP). This may be
divided into two groups, i.e. the copolyesters with 3HB- resulted from the poor CP efficiencies because the 3HP units
rich comonomer (13.2-48.0 mol% 3HP) show spectra are entirely excluded into the amorphous regions. On the

Table 3
Solid-state™*C chemical shifts of chain carbons at the different sites for the fractionated P(3HB-co-3HP)s, P(3HB) and* P(3HP)

Sample

C=0

CH(B) CHy(P3) CHy(B) CHy(Pw) CHx(B)

code

CP PST CP PST CP PST CP PST CP PST CP PST
P(3HB) 169.6 169.9 68.5 68.5 — — 42.9 42.9 — — 21.3 21.3
AF9(13.2) 169.8 169.8 68.5 68.5 61.4 f.d. 42.8 42.7 35.2 n.d. 21.3 21.3
AF7(23.8) 169.6 170.0 68.4 68.4 61.5 61.5 42.7 42.7 35.4 35.4 21.3 21.3
AF5(38.3) 170.0 170.6 68.6 68.4 n.d. 61.1 42.9 41.5 n.d. 34.5 21.3 20.1
AF4(48.0) 170.2 170.5 68.7 68.1 n.d. 60.7 42.8 40.8 n.d. 34.3 21.3 20.1
AF2(60.1) 170.6 170.9 68.7 68.5 61.3 61.1 41.1 41.1 34.7 34.2 20.1 20.1
BF4(77.9) 172.9 171.2 68.5 68.5 62.2 61.1 41.3 41.3 34.1,31.1 34.1 20.1 20.1
BF3(86.2) 172.9 171.0 68.1 68.4 61.9 60.8 41.3 41.3 34.1,31.1 34.1 20.1 20.1
BF2(89.6) 172.8 171.1 n.d. 68.3 62.2 61.0 n.d. 41.2 31.0 34.2 20.1 20.1
BF1(95.9) 172.9 171.1 n.d. n.d. 61.9 61.0 n.d. n.d. 31.0 34.1,31.2 n.d. 20.1
P(3HP) 172.9 171.1 — — 62.0 61.6 — — 31.0 34.1,31.3 — —

#Chemical shift in ppm from TMS.
®Not detected.
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other hand, the 3HP-rich copolyesters (77.9-95.9 mol% so-called heteronuclear NOE during the pulse saturation
3HP) show similar resonance features to that of P(3HP). process.

The CH(3HP«) resonance contribution at 34.2 ppm attri- In order to make clear the dependence of @ reso-
butable to the amorphous regions can be visualized whennance line on the phase structure, chemical shifts obtained
the 3HP unit content decreases from 100 mol% [P(3HP)] to from the CP/MAS and PST/MAS spectra are summarized in
77.9 mol% [P(3HB-co-77.9 mol%3HP)]. Table 3. The**C resonances of Ci{BHB) and CH(3HP-w)

Fig. 4 shows the PST/MAZ’C n.m.r. spectra of homo- are chosen to analyse the effect of solid structure™h
polymers and copolyesters for acquiring the signals attribu- chemical shift. For the 3HB methyl carbon, only resonance
table to the amorphous component. During the experiments,contributions situating at about 20.1 ppm attributed to the
pulse saturation time was practically optimized from 20 to amorphous regions are detected for the 3HP-rich copoly-
30 ms for the samples with decreasing 3HP content. The esters (AF2—BF1). In contrast, for the 3HB-rich copolyesters
strongest resonance intensities are observed for the 3HB(AF9—AF4), the contributions ascribed to the resonances in
methyl carbons. Since the 3HB methyl group is highly the amorphous regions are obscured by the stronger
mobile, its resonance is significantly enhanced by the resonances at 21.3 ppm assignable to the crystalline

CH(B) CH;(B)
Cc=0 CH, (B)
P(3HB)

SSB SSB
A

13.2mol-%3HP
) -

23.8mol-%3HP

N

o
-
-
“

48.0mol- % 3HP

280 240 200 160 120 80 40 0 -40
3 (ppm)

Fig. 3. The 67.9 MHZC CP/MAS n.m.r. spectra of P(3HB-co-3HP)s, P(3HB) and P(3HP). The broad resonances indicatacbisg from the n.m.r. rotor;
the peaks marked by SSB indicate the spinning side bands.
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regions. Therefore, it can conclude that the 3HB units are can demonstrate that the co-crystallization phenomenon
excluded from the P(3HP)-type crystalline structures of does not occur in this P(3HB-co-3HP) copolyester system.
semi-crystalline  3HP-rich copolyesters. Similarly, Here, it is worthwhile pointing out that the multiple
inspecting the chemical shifts of methylene carbon reso- endothermic peaks in the d.s.c. traces of the
nances at thex site of 3HP unit, only signals at 34— unfractionated bacterial copolyesters [11] likely lead to
35 ppm are detected for the 3HB-rich copolyesters a misunderstanding of co-crystallization. In fact, this
(AF9-AF2) regardless of the variation of observation accounts for the presence of extremely broad comonomer
pulse. However, the appearances of contributions atcompositional distributions as reported [8—10], [26—28].
about 31 ppm assignable to the crystalline regions as

mentioned, are observed for the 3HP-rich semicrystalline 3.3. *C spin-lattice relaxation time $Tand local motion
copolyesters, which formed the P(3HP)-type lattice  To clarify the possible cause of the experimental fact that
structures. Therefore, it can be revealed that the 3HPthe 3HB and 3HP units cannot co-crystallize in the semi-
units are excluded from the P(3HB)-type crystallites of crystalline P(3HB-co-3HP)s*C spin-lattice relaxation
the 3HB-rich semicrystalline copolyesters. Hence, times,T}, were measured by the conventional CPT1 pulse
combining the above-mentioned two conclusions, we sequences [13], and their local dynamics were analysed. In a

CH,(P-p)

CH, (B)

C= CH®) CH, (P- o)

77.9mol- % 3HP

SSB

86.2mol-%3HP

89.6mol-%3HP

W

95.9mol-%3HP
I ,JLN\,.J

P(3HP)
N ——- : I N ,
280 240 200 160 120 80 40 0 -40
3 (ppm)

Fig. 3. Continued.
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more recent report [14], the longitudinal relaxation values with an order of second are associated with the fast
behaviour was revealed for the 3HB-rich semicrystalline motion occurring in the amorphous regions, while the
P(3HB-co-3HP)s. The present work is devoted to the longer TS, values are reasonably ascribed to the restricted
investigation of the 3HP-rich semicrystalline copolyesters, local motion in the well-ordered crystalline regions. Spyros
which form the P(3HP)-type crystal structures. and co-workers [29-31] reported a higher temperature of
Table 4 presents tHE; values of different carbons for the  around 86C, at which the minimunT5,value was observed
3HB and 3HP units, which were estimated according to the in the TS, versus 1T plot (T, absolute temperature) for the

two-component relaxation model based on Eq. (3)

t t
M(t) = Mao eXp( — T—CZ) + MCO exp( — T—C>
1 1c.

whereM o andM, are the initial**C magnetizations in the
amorphous and crystalline regions, &g and TS, are the
corresponding relaxation times. As seen in Table 4,Tthe

®3)

backbone carbons of P(3HB). This suggests that the local
motion of P(3HB) backbone carbons in the amorphous
regions locates in the regime of slow motian’z > 1.0;
here,w andr. are the resonance frequency and the correla-
tion time, respectively) at room temperature. Strictly, it is
difficult to compare the local motion of different
comonomer units in copolyesters without the measurements
of TS, values at wide-range temperatures and at different

CH;,(B)

CH(B)
CH,®) [
“‘A ham 4
13.2mol-%3HP l

23.8mol- % 3HP

P(3HB) c=0

) A

38.3mol-%3HP

48.0mol- % 3HP

A

e

T T IRAARARRRE} T Y | RARARER S T T 1

280 240 200 160 120 80 40 0 -40
8 (ppm)
Fig. 4. The 67.9 MHZC PST/MAS n.m.r. spectra of P(3HB-co-3HP)s, P(3HB) and P(3HP). The resonances indicateartiye from the n.m.r. rotor.
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static magnetic fields. However, the comparison T, the TS, values of carbon atoms at the same site of 3HB and
values of carbon nuclei at the fixed sites in the same 3HP units seem to be considerably different at room
comonomer units can be made to clarify the influences temperature, indicating their distinguishable difference in
from the presence of the second comonomer units. Aslocal dynamics.

seen from Table 4, th&5, value of carbon atom at either

the « or 3 site of the 3HP unit monotonously increases with 3.4. Lineshape analysis and the partitioning of 3HB units in
the increase in the 3HP content for the 3HP-rich semicrys- different phases

talline copolyesters. Since the glass transition temperatures

of these copolyesters were revealed to linearly decrease with It is well known that lineshape analyses for fully relaxed
the increase in the 3HP content, increased chain mobility is DD/MAS **C n.m.r. spectra are very useful for elucidating
implied [11]. Therefore, the results of%, and glass the detailed phase structure of different polymers [24,32]. In
transition temperature suggest that the local motion of the this study, the methyl carbon resonance of the 3HB unit was
3HP backbone carbons in the amorphous regions falls in thequantitatively analysed. To measure the fully relaxed spec-
regime of fast motion at ambient temperature. In addition, trum for the methyl carbon, the pulse repetition time was

C=0

CH, (P-a) CH,(B)

60.1mol-%3HP

77.9mol- % 3HP

A

86.2mol- % 3HP

95.9mol- % 3HP

P(3HP)

TTrrTTTTTT [T [T T T T [T T [T TrTT

r T AL
280 240 200 160 120 80 40 0 -40

Fig. 4. Continued.
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adjusted to 30.0 s, which was greater than five tiffiein (3), as a shoulder at 22.2 ppm with a linewidth of ca.
the crystalline regions. 61 Hz, is practically extracted. As seen in Fig. 6, the
Fig. 5 depicts the DD/MAS spectra of the copolyesters contribution of the crystalline component, 2, expressed
and P(3HB). The methyl resonance is obviously as the area percentage of methyl carbon resonance,
broadened with the increase in 3HP unit content. The decreases with the increase in the 3HP content, indicating
shoulder observed on the upfield side for the methyl reso- a significant suppressing effect of the 3HP unit on the
nance is assigned to the amorphous component, as alreadgrystallization of the 3HB-rich copolyesters. In contrast
described above. Fig. 6 shows the deconvolution results ofto components 1 and 2, less change in relative intensity of
methyl carbon resonances on an assumption of Lorentziancomponent 3 is observed despite the variation in the 3HP
lineshape. Here, components 1 and 2 at 20.1 and 21.3 ppntontent. Schaefer et al. [16] reported that the broadening
with linewidths of ca. 103 and 51 Hz are assignable to the of **C n.m.r. resonance was caused by the conformational
resonances in the amorphous and crystalline regions,change and chain-orientation in some solid glassy
respectively. Due to the asymmetrical features of methyl polymers. Most recently, a third component with mass
carbon resonances, as shown in Fig. 6, a third componentfraction of 0.41, which is assignable to the interfacial

P(3HB) e

-,

13.2mol-%3HP

A rymw et

Lodaing
s

23.8mol-%3HP

38.3mol-%3HP

48.0mol-%3HP

Aprdrivies alliet et o)

......... ™ ISARAEEREEEREREEREEY]

T T T
240 200 160 120 80 40 0 -40
5 (ppm)

Fig. 5. The 67.9 MHZ3C DD/MAS n.m.r. spectra of a series of 3HB-rich P(3HB-co-3HP)s as well as P(3HB). The resonances indicatatbbyg from the
n.m.r. rotor.
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regions for linear low-density polyethylene, has been
characterized by Kuwabara et al. [32] via a solid-state

13C n.m.r. technique. In view of the resonance features,

such as the linewidth and relative intensity for component
3, it may be assumed to be the contribution from the
interfacial regions. However, a direct evidence should
be needed.

3.5. Crystallizability and average block length of 3HB
sequences

To clarify the crystallizability of the fractionated copo-
lyesters, mass fractiong andxp of the 3HB and 3HP units
in their respective crystalline regions were estimated from
the heat of fusiom\H, based on the d.s.c. traces (details in
Ref. [11]) according to the following equations

AH,, Xg

Xe wg AHS “)
AHy xp

X e AHS ®)

P(3HB)

3319

where

86(1 — xp)
86(1 — Xp) + 72¢p

in which xp, wg, Wp express the molar content of the 3HP
unit and the weight fractions of the 3HB and the 3HP units
in a copolyester, respectivelyH ,, AH% andAH® indicate
the heat of fusion of a copolyester, P(3HB) and P(3HP),
respectively [11]x% andx$ mean the degree crystallinities
of P(3HB) and P(3HP) in the equilibrium crystallization
state (see Ref. [11]); The values of 86 and 72 are the
molar masses of the 3HB and the 3HP units, respectively.
The results are depicted in Fig. 7. It is seen that the increase
in the molar content of the secondary comonomer (minor
component) gives rise to an obviously retarding effect on
crystallizability of either a 3HB-rich (0—50 mol% 3HP) or a
3HP-rich (75-100 mol% 3HP) semicrystalline copolyester.
The suppressing effect of a 3HB unit on the crystallization
of the 3HP-rich copolyester is more prominent.

Hocking and Marchessault [33] reported that the average
block length of R—-S)P(3HB)s could be related to the for-
mation of single crystals and their degradation behaviour.

Wg = andwp=1—wg

Component 1 (18%)

Component 2 (68 %)

Component 3 (14%)

Original

Calculated

PR

Component 1 (31%)

Component 2 (56%)

Component 3 (13%)

Original

Calculated

Component 1 (37%)

Component 2 (50%)

Component 3 (13%)

Original

Calculated

Fig. 6. Lineshape analyses of the 3HB methyl carbon resonances recorded by a DD/MAS method for P(3HB), P(3HB-co0-13.2 mol%3HP) and P(3HB-co-
23.8 mol%3HP). The values in parentheses indicate their relative resonance intensities calculated from area percentages.
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Table 4
Solid-state™*C spin-lattice relaxation time&; (in seconds) of chain carbons at the different sites for the 3HP-rich P(3HB-co-3HP)s, P(3HB) and P(3HP)
Sample C=0 CH(B) CHy(P-8) CH,(B) CH,(P) CH4(B)
code
Fast Slow Fast Slow Fast Slow Fast Slow Fast Slow Fast Slow
P(3HB) 56.5 85.5 9.9 79.4 — — 4.8 72.1 — — 0.7 2.2
BF4(77.9) n.d® 59.0 0.4 83.3 0.3 58.8
BF3(86.2) n.d. 87.0 0.6 90.9 0.5 76.9
BF2(89.6) n.d. 104.9 0.9 100.0 0.5 83.3
BF1(95.9) n.d. 138.8 0.9 125.0 0.7 125.0
P(3HP) 9.2 72.7 — — 1.0 76.9 — — 1.0 83.3 — —

*Not detected.

Here, we will shed new light on the parallelism between the wherexg represents the 3HB molar content of an investi-
crystallizability and the average block length of 3HB gated copolyester. As seen in Table 5 and Fig. 9, the
sequences for the P(3HB-co-3HP) copolyesters. Fig. 8 decrease in the 3HB unit content leads to the marked
depicts the amplified methine carbon resonances recordediecrease in the experimental average length of 3HB
in solution for P(3HB) and P(3HB-c0-53.1 mol%3HP), in sequences, particularly for the copolyesters with the 3HB-
which the well-resolved resonances can be assigned to theich comonomer. The fractionated copolyester P(3HB-co-
triad sequences [11,34]. Average block lengths of 3HB 48.0 mol% 3HP) with an average 3HB block length close to
sequences were estimated according to Eq. (6) based on th@.0 exhibitsyg close to 0, indicating a feature similar to the

model commonly used for a binary copolyer [35], amorphous state. Here, it is noted that the average block
T length of 3HB sequences estimated by soluttd® n.m.r.
__IsBB B-B-P . . L.
Le(exp) = [T P+1 (6) is the statistically averaged value for the all copolyester

chains involved in a copolyester sample. The experimental
whereLg(exp.) means the experimental average length of results oflg(exp.) andyg indicate that the copolyesters with
3HB sequenceslggg lgen lpssandlppgpexpress the | (exp.) longer than two 3HB units can form the P(3HB)-
individual triad integrated intensities. In Table 5, the aver- type crystal structures. The average block lengths of 3HP
age block lengths of the 3HB sequences are summarizedsequences (exp.) for the 3HP-rich semicrystalline copo-

along with the calculated valugss(calcd.) on an assump-  |yesters were not investigated. However, the tendency as
tion that the 3HB and 3HP units are randomly distributed

[36],
1 CH(B)
Lg(calcd) = ——— (7
1—X%g
100

9

-g 3HB in 3HB lattice

8
wn £ 80 -

) o .
-’é‘ K 3HP in 3HP lattice PGHB)
=

g
E
S S
R= A
= P*B*B
- 40 -
s © B*B+*P
& A
= P(3HB-c0-53.1mol % 3HP)
& 20
& A
- A
g o | T T T T 1
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Fig. 8. The 67.9 MHZ"C n.m.r. resonance of methine carbon for P(3HB)

Fig. 7. The 3HP unit content dependence of mass fractions of the individual and P(3HB-c0-53.1 mol%3HP) in CDg$olution recorded at room tem-
monomer units in the crystallites for different copolyesters. perature.
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10.0 solid-state®®C n.m.r. The results can be summarized as
follows:
(1) the *H-'3C cross-polarization relaxation behaviour
8.0 was found to strongly depend on the solid structure. The

CP relaxation timesJ ¢y, for carbon atoms in either 3HB
or 3HP units virtually resulted from a delicate balance
6.0 o between chemical environment and local mobility. For the
1 O 3HP-rich semicrystalline copolyesters, th& resonance
splitting of CH,(3HP-) indicated that the 3HP unit was
4.0.] o essential to construct the P(3HP)-type lattice structure,
o and the contributions ascribed to the crystalline and amor-
phous regions were explicitly distinguished.
o (2) The CP/MAS and PST/MAS experiments revealed
Oo o o that no co-crystallization phenomenon occurs in the bacter-
ial P(3HB-co-3HP)s. The 3HP or 3HB units were entirely
excluded from the respective P(3HB)- or P(3HP)-type crys-
tallites, and constituted the amorphous regions with another
structural unit.
3HB molar fraction (mol %) (3) Besides the results in the crystal morphology and
Fig. 9. The 3HB unit content dependence of the experimental average bIockCI‘B./Sta"IZ.atlon kmgtlcs as prewously reported [lf]g,C
length of 3HB sequences for the fractionated P(3HB-co-3HP)s. spln-lattlce. relaxation eXper_ImentS suggested that the large
difference in molecular mobility between the 3HB and 3HP
units may be one more possible reason for the fact that no
seen in Fig. 7 indicates a more severe suppressing effect okco-crystallization occurred in the P(3HB-co-3HP) copoly-
the 3HB unit on the crystallizibility of the 3HP-rich semi- ester system.
crystalline copolyesters. This can be accounted for the fact (4) Lineshape analyses of the 3HB methyl carbon reso-
that the amorphous 3HB units with pendant chains are morenances on the fully relaxed DD/MAS spectra revealed that
difficult to diffuse away from the 3HP crystallization front three deconvoluted resonance components could be assigned
than the amorphous 3HP units in the cases of the 3HB-rich to the non-crystalline, crystalline and interfacial regions. Even
semicrystalline copolyesters. if less amount of the secondary 3HP unit was incorporated, a
drastic retarding effect occurred on the crystallizability of the
3HB-rich semicrystalline copolyesters.
4. Conclusion (5) The correlation between the average block length
of 3HB sequences and crystallizability implied that an
In this paper, the solid structures of P(3HB) and P(3HP), Lg longer than two 3HB units was needed for the 3HB-
as well as the fractionated bacterial P(3HB-co-3HP)s, rich copolyesters to form P(3HB)-type crystallites. The
bearing much narrower comonomer compositional 3HB units showed more significantly suppressing effects
distributions, were characterized by high-resolution on the crystallization of the 3HP-rich semi-crystalline

2.0

Average block length of 3HB sequences (unit)

0.0 e ———
100 80 60 40 20

Table 5

Relative intensities of triad sequences determined from the 3HB methine carbon resonances and average block lengths of 3HB sequences fétP&EHB-co-3
CH(B) triad relative intensit§/

Sample code 3HP (mol%) 67.7¢8-B-P) 67.69 (P-B-P) 67.61 (B-B-B) 67.56 (P-B-B) Average block length

Lg(exp.) Lg(calcd.)
AFO 35.4 0.14(0.23) 0.15(0.13) 0.56(0.41) 0.16(0.23) 3.26 2.78
AF1 73.6 0.21(0.19) 0.50(0.54) 0.10(0.07) 0.19(0.19) 1.44 1.36
AF2 60.1 0.21(0.24) 0.41(0.36) 0.15(0.16) 0.23(0.24) 157 1.67
AF3 53.1 0.23(0.25) 0.33(0.28) 0.19(0.22) 0.24(0.25) 1.73 1.89
AF4 48.0 0.21(0.25) 0.26(0.23) 0.27(0.27) 0.26(0.25) 1.92 2.08
AF5 38.3 0.21(0.24) 0.19(0.15) 0.39(0.38) 0.22(0.24) 2.47 2.59
AF6 21.9 0.12(0.17) 0.06(0.05) 0.66(0.61) 0.16(0.17) 4.40 4.54
AF7 23.8 0.16(0.18) 0.07(0.06) 0.55(0.58) 0.22(0.18) 3.44 4.17
AF8 15.9 0.12(0.13) 0.03(0.03) 0.70(0.71) 0.15(0.13) 5.56 6.25
AF9 13.2 0.09(0.12) 0.03(0.02) 0.74(0.74) 0.14(0.12) 5.88 7.14

#The values shown in parentheses are relative intensities calculated by random statistics.
®Chemical shift in ppm from TMS.
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copolyesters_ This can be rationalized with respect to the [15] Kitamaru R, Nakaoki T, Alamo RG, Mandelkern L. Macromolecules

different molecular mobility between the 3HB and 3HP
units.
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