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Abstract Di-hydroxyl-terminated xylan butyrate
(XylBu) with two hydroxyl end groups at opposite ends of
the polymer was prepared by acid hydrolysis of XylBu.
L-Lactide was polymerized on to the hydroxyl groups at
both ends of XylBu, by ring opening. Structural charac-
terization of the polymerization products was carried out
using GPC and NMR analyses. It was confirmed that the
polymerization products were mixtures of a poly(L-lactide)
(PLLA)-b-XylBu-b-poly(L-lactide) (PLLA) triblock
copolymer and PLLA homopolymer. Crystallization
behaviors of the polymerization products were investigated
by differential scanning calorimetry measurements and
polarizing optical microscopy observation to investigate
the effects of the triblock copolymer on crystallization of
PLLA components.

Keywords Hemicellulose - Xylan - PLLA - Block
copolymer - Crystallizations

Introduction

Hemicellulose, along with cellulose is one of the most
abundant polysaccharides. It makes up 25-30 % of a plant
cell wall and is a promising biomaterial for a variety of
applications. Hemicellulose can be easily obtained from
plants by an aqueous, basic extraction [1]. It has lower
molecular weight than cellulose, consisting of various
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sugar components with branched structures that depend on
its source [2-5]. In contrast to cellulose and its derivatives,
hemicellulose has little importance in industrial applica-
tions, such as thermoplastic or biodegradable materials.

Xylan is a major component of hemicellulose and has a
backbone consisting of f(1 — 4) xylopyranose units.
There have been several studies on functionalization of
xylan by chemical modification, and it has recently
received attention as a new bio-based material [6-11]. We
have reported the syntheses and characterization of xylan
alkyl esters and graft copolymers for utilization of xylan as
a plastic material [12—-14].

While polysaccharide-based graft copolymers and
glycopolymers have been widely studied, there has been
less focus on polysaccharide-based block copolymers. In
particular, linear copolymers consisting of polysaccharide
and other polymer blocks may have potential for appli-
cations in drug delivery systems or plastic materials [15].
Block copolymers show unique properties such as self-
assembly, phase separation and specific crystallization
behavior, and can behave as mixing agents for multiple
polymers [16-21].

Poly(lactic acid) (PLA) and poly(hydroxyalkanoate)s,
such as poly(e-caprolactone), have been studied exten-
sively as biodegradable plastic materials. These biode-
gradable polyesters are expected to be suitable
counterblocks with sufficiently different properties to
polysaccharides. Polysaccharide—polyester graft copoly-
mers materials have shown attractive properties, such as
biodegradability, biocompatibility or thermoplasticity [22—
26]. There is, however, relatively little report on the cor-
responding polysaccharide/polyester block copolymers. In
a few reports, copolymers consisting of dextran or malto-
heptaose and poly(e-caprolactone) were prepared for the
purpose of micelle formation and drug delivery [27, 28].
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In this study, we aimed to synthesize a block copolymer
consisting of XylBu and PLLA for application as a bio-
plastic material. Di-hydroxyl-terminated XylBu, with two
hydroxyl groups, one at the C1 position of the reducing end
and another at the C4 position of the non-reducing end,
were prepared as initiators. PLLA-b-XylBu-b-PLLA tri-
block copolymers were obtained by polymerization of L-
lactide on the hydroxyl groups at both ends of di-hydroxyl-
terminated XylBu. The products were analyzed based on
their crystallization behaviors.

Experimental
Materials

Eucalyptus kraft pulp sheet was kindly provided by Nippon
Paper Group, Inc. (Tokyo, Japan). L-Lactide was kindly
provided by Musashino Chemical Laboratory Ltd. (Sai-
tama, Japan) and crystallized from ethyl acetate before use.
Lithium chloride (LiCl) was dried at 105 °C overnight. Tin
(II) octanoate (Sn(Oct);) and all other reagents were
commercially obtained and used without further
purification.

Xylan butyrate (1)

Dried xylan (0.50 g, dried at 105 °C overnight) extracted
from eucalyptus kraft pulp was dispersed in dimethyl-
acetamide (DMAc) (20 mL) and stirred at 120 °C for 2 h.
The slurry was cooled to 100 °C and LiCl (0.87 g) was
added to the reaction mixture. After 1.5 h, butyric anhy-
dride (2.5 mL) and pyridine (2.5 mL) were added to the
reaction mixture and stirred at 50 °C for 2 days. After
completion of the reaction, the mixture was poured into
ethanol (300 mL) and a precipitate formed. The precipitate
was separated by filtration, washed with ethanol and dis-
tilled water, and then dried in vacuo to give solid, xylan
butyrate (XylBu) (1) (0.80 g, 77.4 % yield). Number and
weight average molecular weights (M, and M) and
polydispersity index (PDI) (M, /M,) were
M, = 3.15 x 10*, M,, = 5.80 x 10* and M, /M, = 1.84,
respectively. The degree of substitution (DS) of the butyryl
group was determined as 2.0, calculated from the ratio of
the integrated butyryl group methyl and the xylan aromatic
proton resonances. Thus, DS = (/cu3y/3)/(Lring-1y/6),
where Icy3y and Iyingpyy are the integrated areas of the
butyryl group, methyl protons (3H) and the ring protons
(6H), respectively. '"H-NMR (CDCl3): & 0.92 (t, 3H,
—CH3), 1.59 (m, 2H, -CH,—CH3;), 2.21 (br t, 2H, -CO-
CH,-), 3.23 (C5-H,), 3.73 (C4-H), 3.86 (C5-H,), 4.42
(C1-H), 4.72 (C2-H), 5.03 (C3-H), 5.65 (C1-Hg (reducing
end), J = 8.0), 6.22 (C1-H, (reducing end), J = 3.5). "*C-
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NMR (CDCl3): 6 13.6 (CHj), 18.1, 18.2 (-CH,—CHy),
35.8, 35.9 (-CO-CH,-), 62.7 (C5), 70.7 (C2), 71.7 (C3),
75.0 (C4), 100.5 (C1), 171.9, 172.4 (CO of C2 and C3,
respectively).

Perbutyryl xylosyl a-bromide (2)

Perbutyryl xylosyl a-bromide was prepared for character-
ization of the reducing end by NMR analysis. To a solution
of XylBu (0.10 g) in chloroform (3 mL), 30 % hydrogen
bromide (HBr) in acetic acid (0.1 mL) was added at O °C.
The reaction mixture was stirred at 0 °C for 3 h. The
reaction mixture was poured into ethanol to form a pre-
cipitate. The precipitate was collected by centrifugation
(5,000 rpm, five times), washed with ethanol, and dried in
vacuo to give butyryl xylan o-bromide (2) (31.7 mg,
31.7 % yield). M, = 0.49 x 10*, M,, = 0.78 x 10*, M,/
M, = 1.59. '"H-NMR (CDCl3): reducing end, 6.52 (C1-H,,
J =4.0).

Di-hydroxyl-terminated xylan butyrate (3)

To a solution of XylBu (0.60 g) in chloroform (7 mL),
30 % hydrogen bromide in acetic acid (0.5 mL) was added
at 0 °C. The reaction mixture was stirred at 0 °C for 3 h.
The reaction mixture was poured into a saturated aqueous
solution of sodium hydrogen carbonate to neutralize the
reaction and quench degradation. The resulting mixture
was stirred at 40 °C for 2 days to evaporate chloroform.
The compound that precipitated was filtered off, washed
with water and dried in vacuo to give di-hydroxyl-termi-
nated XyIBu (3) (0.52 g, 86.6 % yield). M, = 0.39 x 10*,
M, = 0.81 x 10*, M,/M, = 2.06. '"H-NMR (CDCl,): the
reducing end: 3.77 (C4-H,, overlapped), 4.61 (d, C1-Hg,
J=175), 477 (C2-H,, overlapped), 5.31 (d, Cl-H,,
J =3.5), 543 (t, C3-H,, J = 10.0). >C-NMR (CDCl,):
the reducing end: 69.4 (C3-H,), 90.4 (C1-H,), 96.1 (C1-
Hp).

PLLA-b-xylan butyrate-b-PLLA triblock copolymers

PLLA-b-XylBu-b-PLLA copolymers were synthesized by
ring-opening polymerization of L-lactide in bulk with di-
hydroxyl-terminated XyIBu (3). In a typical procedure, di-
hydroxyl-terminated XylBu (3) (0.10 g, 1 eq.) and L-lac-
tide (0.90 g, 260 eq.) were loaded into a flask and dried in
vacuo for 12 h. Subsequently, the flask was degassed and
heated in an oil bath at 160 °C, without solvent. The
reaction mixture turned to a transparent liquid after 1 h.
The flask was purged with nitrogen and then Sn(Oct),
(15 pL) was immediately loaded under a nitrogen atmo-
sphere. The flask was degassed again and the mixture was
stirred in vacuo (3 kPa) for 1 h. The reaction mixture was
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dissolved in chloroform and then precipitated by addition
to methanol (300 mL). The precipitated compound was
filtered, washed with methanol and dried in vacuo to obtain
the polymerization product (0.78 g, 78.0 % yield). Com-
position of XylBu and PLLA blocks in the copolymer was
controlled by varying the in-feed ratio of L-lactide/XylBu.
Polymerization products were found to be mixtures of
PLLA-b-XylBu-b-PLLA triblock copolymer and PLLA
homopolymer. Molecular weights of the copolymer and
PLLA homopolymer were calculated from GPC and NMR
analyses and noted as M(copolymer) and M(PLLA),
respectively. 'H-NMR (CDCls): 6 0.92 (t, 3H, -CH3), 1.49
(d, 3H, CH; (PLLA, end)), 1.48, 1.58, 1.59 (CH3), 1.59 (m,
2H, -CH,—CH3), 2.21 (br t, 2H, -CO-CH,-), 3.23 (C5-
H,), 3.73 (C4-H), 3.86 (C5-H,), 4.36 (q, 1H, C*H (end)),
4.42 (C1-H), 4.72 (C2-H), 5.03 (C3-H), 5.17 (C*H), 5.65
(d, Cl-Hg (reducing end), J = 8.0), 6.22 (d, Cl1-H,
(reducing end), J = 3.5).

PLLA

Poly(L-lactide)s (PLLAs) were prepared by ring-opening
polymerization of L-lactide in toluene with Sn(Oct), as cat-
alyst. A representative procedure for PLLA (M, = 1.8 x
10*, My, = 2.2 x 10*, M,/M,, = 1.23) is as follows. To a
solution of L-lactide (1.00 g, 35 eq.) in anhydrous toluene
(4 mL), Sn(Oct), (0.07 mL, 1 eq.) was immediately added at
90 °C. The reaction mixture was stirred for 24 h under
nitrogen. After polymerization the mixture was cooled to
room temperature, precipitated in methanol (500 mL), col-
lected and washed with methanol by centrifugation at
10,000 rpm and dried to give a solid (0.68 g, 67.9 % yield).
PLLA (M, = 0.7 x 10*, My, = 0.8 x 10*, M\/M, = 1.12)
was prepared in the same manner using L-lactide (1.00 g,
15 eq.) and Sn(Oct), (0.15 mL, 1 eq.) in anhydrous toluene
(20 mL) with a yield of 0.28 g (27.9 %).

Nuclear magnetic resonance (NMR) measurement

'H, '°C, double quantum filter correlation spectroscopy
(DQF-COSY), heteronuclear single quantum coherence
(HSQC), heteronuclear multiple bond correlation (HMBC)
and totally correlated spectroscopy (TOCSY) NMR spectra
were recorded with a JEOL IJNM-A500 FT-NMR
(500 MHz) spectrometer, with tetramethylsilane (TMS) as
internal standard. Chemical shifts (5) and coupling con-
stants (J) are reported in (ppm) and (Hz), respectively.

Gel permeation chromatography (GPC) measurement
Number and weight average molecular weights (M,, and

M,,) and PDI (M,/M,,) were estimated by GPC (CBM-20A,
DGU-20A3, LC-6AD, SIL-20ACyzt, CTO-20A, RID-10A,

Shimadzu) in chloroform at 40 °C. Shodex columns (K-
806M, K-802) were used and the flow rate was 0.8 mL/
min. A calibration curve was obtained using polystyrene
standards (Shodex).

Differential scanning calorimetry (DSC) measurement

DSC thermograms were recorded with a DSC8500 (Perkin-
Elmer) under a nitrogen atmosphere. The samples were
first heated from 30 to 200 °C (first heating scan) at 20 °C/
min, then immediately quenched to —70 °C. The second
heating scans were run from 50 to 200 °C at a heating rate
of 20 °C/min. Glass transition temperatures were defined
as the midpoint temperature of the heat capacity transition
in the second heating scan. For isothermal crystallization,
the samples were heated from 30 to 200 °C at 20 °C/min.
The samples were then quenched to the desired crystalli-
zation temperatures (80, 90, 100, 110, 120 °C). The sam-
ples were held at the given temperature until crystallization
was completed.

Polarized optical microscopy (POM)

Samples were pressed between two glass plates and heated
at 200 °C for 30 s. The spherulite morphologies of the
samples were observed using Nikon E600 POL polarized
microscope equipped with a hot stage. Samples were first
melted on the hot stage preheated at 200 °C for 30 s and
transferred immediately to the hot stage preheated at a
desired crystallization temperature. The images were cap-
tured using Motic Image Plus 2.2S software. The growing
rate of the spherulites was analyzed using public domain
ImageJ program [29].

Results and discussion
Preparation of xylan butyrate (XylBu) (1)

The basic synthetic strategy for the polysaccharide-based
block copolymer was to modify the end group of the
polysaccharide chain to allow connection of other poly-
mers by polymerization or coupling. One approach for end
group modification is acid hydrolysis of polysaccharide
esters or ethers, and resulting introduction of a hydroxyl
group at C1 of the reducing end or C4 of the non-reducing
end [30-32]. For synthesis of xylan-PLLA block copoly-
mer, we first prepared di-hydroxy-terminated xylan buty-
rate (XlyBu) (3) by acid hydrolysis of XlyBu (1), as shown
in Fig. 1. XlyBu (3) was used as the initiator for a poly-
merization with L-lactide, where growth of the PLLA block
occurred from the hydroxyl groups at the both ends of the
XlyBu block. Acetyl and propionyl groups were found to
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Fig. 1 Preparation of XylBu OH

(1), perbutyryl a-xylosyl H (0] 0 (0] H
bromide (2), di-hydroxyl- %0 B (o) %mo
terminated XylBu (3) and OH
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triblock copolymer (4)
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be unsatisfactory protecting groups, because the esters
formed showed low solubility in chloroform and other
common organic solvents, such as dimethylformamide.
The butyl esters of XylBu showed much better solubility in
these solvents.

The original xylan was extracted from Eucalyptus kraft
pulp according to previous work [12]. XylBu (1) was
prepared from the extract by treatment with butyric acid
anhydride and pyridine in a homogeneous mixture of
DMAC/LiCl [4]. The number and weight averaged
molecular weights of XylBu (1) were estimated to be

=3.15 x 10*, M,, = 5.80 x 10* by GPC. Figure 2
shows the 'H-NMR spectrum of XylBu (1). Peaks were
assigned according to reported data in the previous article
[12, 13]. The degree of substitution of butyryl group (DS)
was calculated to be 2.0 from the ratio of integrated areas
of the alkyl group methyl and xylan aromatic protons. The
two peaks at 6.22 (C1-H,, J = 3.5 Hz) and 5.65 (C1-Hg,
J = 8.0 Hz) ppm were assigned to o and [ anomeric
protons at the reducing end, respectively. These assign-
ments were in good accordance with those of cellulose
triacetate [33, 34].

@ Springer

l L-lactide/ Sn(Oct), / 160 °C

OBuU

Preparation of perbutyryl a-xylosyl bromide (2)

XylBu (1) was treated with HBr in acetic acid to obtain
perbutyryl o-xylosyl bromide (2) via acidic hydrolysis.
HBr was selected as a suitable reagent, because it did not
cause cleavage of other ester groups. While the acid
treatment caused some depolymerization of the main chain,
the reactivity of the end groups was achieved. During the
hydrolysis, a bromine group was introduced at the Cl
position of the reducing end [30, 31, 34, 35]. Additionally,
the C4 position of the non-reducing end was hydrolyzed to
hydroxyl group. These functionalities were deemed useful
for further transformations of the polymer [32, 36]. Aside
from C1 position at the reducing end and C4 position at the
non-reducing end, the DS of the butyryl group at the C2
and C3 positions of the xylan main chain was calculated to
2 from the peaks of butyryl protons in Fig. 2b. This indi-
cated that no cleavage of ester groups at C2 or C3 positions
occurred and that butyryl groups were not replaced by
acetyl groups during this step. The C1-H proton of only the
o-anomer was observed at 6.53 ppm (J = 4.2 Hz), indi-
cating complete bromination at the reducing end. The
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Fig. 2 "H-NMR spectra of a XyIBu (1), b perbutyryl a-xylosyl bromide (2), ¢ di-hydroxyl-terminated XylBu (3) and d polymerization product
4-1
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molecular weight of the xylan derivative decreased from
3.16 x 10* to 0.49 x 10* after the HBr treatment sug-
gesting depolymerization of the xylan main chain.

Preparation of di-hydroxyl-terminated XylBu (3)

Perbutyryl o-xylosyl bromide (2) was treated with water to
convert the bromine group to a hydroxyl group and obtain
di-hydroxyl-terminated XylBu (3), with two hydroxyl
groups, one at the C1 position of the reducing end and
another at the C4 position of the non-reducing end. In the
"H-NMR spectrum of XylBu (3) shown in Fig. 2c, the a-
anomeric proton resonance at 6.53 ppm (Cl-H,,
J = 4.2 Hz) of a-xylosyl bromide (2) disappeared. These
were replaced by anomeric proton resonances observed at
4.61 (d, C1-Hg, J =17.5) and 5.31 (d, C1-H,, J = 3.5)
ppm, which were assigned by '>C-, HSQC-, H-H TOCSY-
NMR analysis. The terminal hydroxyl groups were found
to be present in both o and B anomeric forms. The NMR
data indicated that the bromine group at the C1 position of
the reducing end was substituted by the hydroxyl group.
These assignments were in good accordance with those for
cellulose esters having a hydroxyl group at the C1 position
of the reducing end [30, 33], which supported the chemical
structure determination of the XylBu end group (3). The
M, of di-hydroxyl-terminated XylBu (3) was 0.39 x 10°,
and showed no substantial differences with that of perbu-
tyryl a-xylosyl bromide (2).

Polymerization of rL-lactide with XylBu (3)

L-Lactide was polymerized via ring opening in bulk using
XylBu (3) as the initiator and Sn(Oct), as the catalyst. Two
hydroxyl groups at both ends of XylBu (3) were considered
as initiation sites. Polymerization products 4-1, 4-2 and 4-3
were obtained after polymerization at initial [L-lactide]/
[XylBu (3)] ratios 100/1, 260/1 and 560/1, respectively, as

Table 1 Characterization of the polymerization products

shown in Fig. 1 and Table 1. The ratio of L-lactide to one
hydroxyl group of XylBu (3) for products 4-1, 4-2 and 4-3,
was 50/1, 130/1 and 280/1, respectively. GPC data for pro-
ducts 4-1, 4-2 and 4-3 are shown in Fig. 3, and their M,, and
M/M,, are listed in Table 1. Chromatograms of the products
showed a peak at higher molecular weight region than Xy-
1Bu (3) with a small shoulder peak at lower elution time. No
peaks corresponding to remaining XylBu (3) were observed.
This indicated that XylBu (3) worked as an initiator and was
incorporated into the block polymer. A representative 'H-
NMR spectrum of product 4-1 is shown in Fig. 2d. Peaks of
both XylBu and PLLA components were observed and
assigned according to our previous works [13, 14]. In
addition, protons signals of C1-H of the reducing end group
with o- and [-configurations appeared at 6.24 ppm
(J=33Hz) and 5.64 ppm (J = 8.7 Hz), respectively.
These chemical shifts were identical to those of XylBu (1),
which has an ester group at the C1 position of the reducing
end. This indicated that the C1 position of the reducing end
of XylBu (3) was re-esterified by PLLA and that the desired
block copolymers were successfully obtained.

Structural characterization of the polymerization
products

At this point, it was not clear whether the polymerization
products 4-1, 4-2 and 4-3 were “pure” block copolymer or
“mixtures” of the copolymer and a PLLA homopolymer.
Therefore, molecular weights of the copolymers were esti-
mated from NMR and GPC analysis. The degree of poly-
merization (DP) of the PLLA block in the polymerization
products was calculated from integration of C*H protons (8
5.17 ppm) and C*H (end) proton (5 4.36 ppm), as follows:
DP (PLLA) = ((C*H) + (C*H(end))/(C*H(end)). Molec-
ular weights (M) of the PLLA block were calculated as fol-
lows: M (PLLA) = DP (PLLA) x M(lactide)/2, where
M(lactide) = 144.13. These values are listed in Table 1.

Polymerization  Lactide  Lactide  Yield M, M, /M;  DP M (PLLA) M (copolymer)  Estimated composition

products (eq)* (2 (%) (10%° (PLLAY  (10%¢ (10%° of the copolymer in the
product (wt%)f

4-1 100 04 51 1.1 1.8 36 0.3 0.9 79.3

4-2 260 0.9 78 1.9 1.8 72 0.5 14 424

4-3 560 2.0 85 4.6 1.6 176 1.3 2.9 40.3

“ TInitial molar ratio of lactid equivarent to XylBu (3)

® Initial amount of XyIBu (3): 0.1 g, M,[XylBu(3)] = 0.39 x 10*
¢ Molecular weight and PDI of the products

9 Calculated by NMR analysis

¢ M (copolymer) = M, [XylBu (3)] + M (PLLA) x 2

f Estimated from GPC and NMR analyses
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(a)

(b)

(c)

(d)

15 16 17 18 19 20 21 22 23

Elution time (min)

Fig. 3 GPC data of a XylBu (3) and products, b 4-1, ¢ 4-2 and d 4-3

Molecular weights (M) of the copolymers were esti-
mated as follows: M (copolymer) = M, [XylBu
(3)] + 2 x M (PLLA) on the assumption that PLLA was
polymerized from both the ends of XylBu (3). The M
(copolymer) values tended to increase at higher proportions
of the initial lactide. These values showed good agreement
with M, s of the polymerization products. M (PLLA) values
or sums of M (PLLA) and M, [XyIBu (3)] (0.39 x 10%
were not high enough to give M, value of the products. It
was suggested that the obtained polymer was PLLA-b-
XylBu-b-PLLA “triblock” copolymer and not PLLA
homopolymer or diblock copolymers.

Compositions (wt%) of the copolymers in the poly-
merization products were estimated as follows: M
(copolymer)/Mpeor. (copolymer), based on GPC and NMR
data. Theoretical molecular weights of the block copoly-
mers  [Meor- (copolymer)] were estimated on the
assumption that weight losses in their yield were because
of L-lactide, as follows: Myeor. (cOpolymer) = M,, [XylBu
3)] + 2 X Mgeor. (PLLA) x yield (%). Theoretical
molecular weights of PLLA blocks (Mpeor. (PLLA)) were
also calculated, as follows: Myeor. (PLLA) =M (lac-
tide) x initial [lactide]/[XylBu (3)]/2. The composition
values are listed in Table 1. These values suggested that
PLLA homopolymers were produced during polymeriza-
tion as a bi-product. It was therefore likely that the poly-
merization products 4-1 4-2 and 4-3 consisted of mixtures

of triblock copolymers 4 and PLLA homopolymers. The
shoulder peak in GPC elution curves might be attributed to
PLLA homopolymer. However, it proved difficult to purify
the block copolymers by gel permeation chromatography
or re-precipitation.

DSC measurements

Polymerization products 4-1 4-2 and 4-3, namely mixtures
of the triblock copolymers and PLLA homopolymer, were
analyzed by DSC measurements. Molecular weights of the
triblock copolymers and PLLA homopolymer are listed in
Table 1. Their DSC thermograms are shown in Fig. 4. All
samples showed a glass transition peak (7) at 48-53 °C and
a melting peak (7,,) at 146-163 °C. Products 4-2 and 4-3
showed a crystallization peak (7,) at 94 and 95 °C, respec-
tively. PLLA homopolymers with M, of 0.7 x 10* and
1.8 x 10%, corresponding to those PLLA included in pro-
ducts 4-2 and 4-3, respectively, were analyzed for compar-
ison. The PLLAs exhibited T, and Tj, at ca. 50 and ca.
150 °C. It has been reported that xylan butyrate has neither
Ty, Tenor Ty, [13]. These data suggested that Ty, T and T, of
the polymerization products were derived from PLLA

(a) Product 4-1

l 748 i T,=146
(b) Product 4-2

. } 7,295
ye

(c¢) Product 4-3

i T,=94

Exo. >

‘Q

(d)PLLA (M,=0.7 x 10¢)

ng=5O T,=146
(e) PLLA (M,=1.8 x 10%) T,=124
Tot ! T,=157
0 50 100 150 200
Temperature(°C)

Fig. 4 DSC thermograms of products a 4-1, b 4-2, ¢ 4-3, d PLLA
(M, = 0.7 x 10* and e PLLA (M, = 1.8 x 10%
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components. The T, of products 4-1, 4-2 and 4-3 did not
show substantial differences from PLLA homopolymers.
Interestingly, product 4-3 showed a crystallization peak
at 94 °C, shifted to a markedly low temperature compared
with 124 °C of PLLA (M, = 1.8 x 10%). Product 4-2 also
showed a clear exothermic peak owing to crystallization at
95 °C, while PLLA (M,, = 0.7 x 10%) showed no crystal-
lization peak. Product 4-1 showed no crystallization peak,
likely because of its low molecular weight. These results
indicated that crystallization of PLLA was enhanced by the
presence of the block copolymers and that the copolymers
behaved as nucleating agents for PLLA components.

Isothermal crystallization
Isothermal crystallization behaviors of the polymerization

products 4-2 and 4-3 were analyzed to investigate the
effects of the triblock copolymer on crystallization

40

O PLLA (M,=1.8x 10%
351 A Product 4-2

m Product 4-3

30

25

20

t,o (Min)

Oso ) 100 110 120
Crystallization temperature (°C)

Fig. 5 Plots of t, of PLLA (M, = 1.8 x 104) (circles), products 4-2
(triangles) and 4-3 (squares), isothermally crystallized at different
temperatures from melt at 200 °C

C)

100um

behavior of PLLA components. Products 4-2 and 4-3 were
melted at 200 °C, followed by isothermal crystallization at
80, 90, 100, 110 and 120 °C. Figure 5 shows the plots of
the crystallization half-time (#;,,) of the PLLA homopoly-
mer (M, = 1.8 x 10* and products 4-1 and 4-3. Product
4-1 and PLLA (M,, = 0.7 x 10*) showed no crystallization
owing to their low molecular weight and were not ana-
lyzed. Crystallization half-time (#,,,) is defined as the time
taken to reach 50 % of maximum crystallization. The ¢,,,
was strongly dependent on crystallization temperature.
Product 4-2 and 4-3 showed shortest #;,, at 90 °C. The t,,,s
of products 4-2 and 4-3 at 90 °C were 3.5 min and 1.7 min,
respectively. These values were shorter than that of PLLA
(M, = 1.8 x 10*) with 7,,, of 5.4 min. The same trend was
observed at 80 °C. The t;, of PLLA with low molecular
weight (M,, = 0.7 x 10*) could not be measured because
of its low crystallinity. These observations indicated that
copolymers enhanced the crystallization of PLLA during
isothermal crystallization at 80 and 90 °C. These results
agreed well with the results of non-isothermal crystalliza-
tion in Fig. 4.

To further understand the effect of the copolymers on
crystallization behavior of PLLA components, products 4-2
and 4-3 were isothermally crystallized at 90 °C and ana-
lyzed by polarized optical microscopy observation. The
images of their spherulites are shown in Fig. 6. The images
show spherulites grown at 90 °C, which were observed
90 s after the samples were set to a given temperature from
melt. The spherulite growth rate could not be analyzed at
90 °C because of fast growth of small crystals. As can be
seen in the images in Fig. 6b, c, the number and growth
rate of spherulites of products 4-2 and 4-3 were higher
compared with PLLA. Few small spherulites of PLLA
were observed at the same observation time (Fig. 6a).
Crystallization of PLLA block within the copolymer
should be retarded because of covalent bonding to the
XylBu block, according to the previous report [20].
Meanwhile, we have recently demonstrated that xylan
butyrate works as nuclei for PLLA [37]. It was suggested

Fig. 6 Spherulite images of a PLLA (M, = 1.8 x 10% and products, b 4-2 and ¢ 4-3 isothermally crystallized at 90 °C after melting.

Observation time is 90 s for all samples. Scale bar 100 pm
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Fig. 7 Spherulite images of a PLLA (M, = 1.8 x 10* and products, b 4-2 and ¢ 4-3 isothermally crystallized at 110 °C after melting.
Observation time for PLLA, products 4-2 and 4-3 were 45 s, 9 min and 9 min, respectively. Scale bar 100 pm

that crystallization of PLLA components in products 4-2
and 4-3, namely, free PLLA homopolymer and PLLA
block within the copolymer, were enhanced by the nucle-
ating effect of XylBu block in spite of the anchored
structure.

Spherulite morphology

Figure 7 shows images of spherulites of PLLA
M, = 1.8 x 10% and products 4-2 and 4-3 grown at
110 °C after melting. The observation time for PLLA and
products 4-2 and 4-3 were 45 s, 9 min and 9 min, respec-
tively, after set to the crystallization temperature. The
spherulite growth rates for PLLA and products 4-2 and 4-3
were 32.6, 5.7 and 4.0 pm/min, respectively. In the case of
the products 4-2 and 4-3, crystallization of PLLA compo-
nents was inhibited. The numbers of spherulites of products
4-2 and 4-3 were smaller at 110 °C compared with that of
PLLA homopolymer. These results agreed well with 7/,
data in Fig. 5. The t,,,s of products 4-2 and 4-3 at 110 °C
were 11.1 min and 9.2 min, respectively. These values
were longer than that of PLLA (M, = 1.8 x 10%) with 1,),
of 5.0 min.

Interestingly, banded extinction rings were observed for
products 4-2 and 4-3, but not for PLLA. It has been
reported that miscible or partially miscible polymer blends
exhibit extinction rings [38]. Cellulosic graft copolymers
containing PLLA or poly(e-caprolactone) (PCL) [25, 39]
have also been reported to exhibit extinction rings. Poly(e-
caprolactone)-polybutadiene [19], poly styrene-PLLA [21]
and poly(p-dioxanone)-poly(e-caprolactone) [20] diblock
copolymers are examples of a diblock copolymer that
exhibits extinction bands. The appearance of an extinction
band has been attributed to lamellar twisting caused by
crystallization with specific interactions between polymer
components. It is supposed that crystallization of PLLA or
PCL was inhibited by countercomponents, which operated
as impurities in the crystallizable polymers. In the present
study, XylBu was considered as an impurity for

crystallization of PLLA components. It was suggested that
the PLLA block in the copolymer was incorporated in the
crystallization of PLLA chains to form a mixed crystal
composed of PLLA homopolymer and PLLA block of the
copolymer. The XylBu block of the copolymer might have
been excluded from the lamella composed of PLLA com-
ponents, but remained as an impurity in the amorphous
layer because of its chemical bond to PLLA. This may
have resulted in lamellar twisting of PLLA.

Further investigations into the crystalline structure of
copolymer/PLLA mixed systems, by small-angle X-ray
scattering and electron microscopic analysis, may aid in the
further characterization of these systems. These results
demonstrate the occurrence of specific, temperature-
dependent interactions between the block copolymers and
PLLA components.

Conclusion

Di-hydroxyl-terminated XylBu, which has two hydroxyl
groups, one at the C1 position of the reducing end and
another at the C4 position of the non-reducing end, was
prepared. PLLA-b-XylBu-b-PLLA block copolymers were
obtained by ring-opening polymerizations of L-lactide
using di-hydroxyl-terminated XylBu as an initiator. The
polymerization products were mixtures of PLLA-b-XylBu-
b-PLLA triblock copolymer and PLLA homopolymer.
DSC measurements and polarizing optical microscopy
observation of the polymerization products revealed that
crystallization of PLLA components was enhanced at
90 °C, and that the triblock copolymers worked as nuclei
for PLLA components. Banded extinction rings were
observed when crystallized at 110 °C for polymerization
products suggesting lamellar twisting of PLLA components
in the copolymer/PLLA mixed system.
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