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Abstract The composite films of poly(lactic acid) (PLA)
doped with glucosamine(Gluc)-formaldehyde(FA) polymer/
sodium dodecylbenzenesulfonate (SDBS) complexes at 1—
5 wt% were synthesized to demonstrate striking improve-
ment of their structural and mechanical properties. The
polymer complexes were obtained by the hydrothermal
polymerization of Gluc and FA at a molar ratio of 1:2 in
the presence of SDBS. The atomic ratios of S in —SO5 to N
in —NH5 (=S/N) in the polymer complexes limitedly range
from 0.52 to 0.69, indicating that the complexation develops
through the nonstoichiometric reaction between —NH;
groups of (Gluc-FA) polymer and —SO; ones of SDBS
and 31-48% of the —NH7 groups remain unbound. The
PLA composite film doped with 1 wt% (Gluc-FA)/SDBS
showed the elongation-at-break of as large as 194%
compared with 37% for PLA film, together with an
appreciable increase of the crystallites size (D,q9) of PLA
from 21.8 to 33.3 nm.
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Introduction

Increasing attention has been focused on the development
of highly functional materials based on nanometer-sized
building units such as nanowires, nanobelts, and nanotubes.
Inorganic synthesis using surfactants as a templating agent
has devoted to afford nanostructured materials such as
mesoporous silica [1-3], alumina [4-6], zirconia [7], and
rare earth oxides [8] and nanotublar vanadia [9], titania
[10], and lantanid oxides [11].

The surfactant templating approach similar to those used
for nanostructured inorganic materials was employed to
prepare mesoporous organosilicates [12, 13], mesostruc-
tured complexes of phenol-formaldehyde polymer with
surfactant [14], and nanotubular phenol-furfural polymers
templated or detemplated with surfactant assemblies [15].

Naturally or artificially fabricated inorganic nanosized
particles such as clay minerals and carbon nanotubes were
applied as reinforcing materials for polymer composites in
which the layered or tubular fillers are uniformly dispersed
on a microscopic level in a matrix of high density
polyethylene [16], nylon [17, 18], polystyrene [19], or
other engineering polymers. This leads to a new family of
engineering polymers characterized by their high strength,
high modulus, high heat distortion temperature, and low
gas permeability.

In recent years, biodegradable and naturally renewable
polymers such as poly(lactic acid) (PLA) have attracted
considerable interest, and the improvement of their physical
properties such as strength and heat distortion temperature
has been strongly desired for spreading practical use. Our
recent study on PLA nanocomposites with hexagonal-
structured nanoporous silica showed that the synthetic
nanostructured fillers have a significant reinforcing-effect
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on the tensile strength, tensile modulus, and elongation
[20]. Biodegradable organic nanotubular or nanosized
materials, however, would be more desirable as a reinforc-
ing material for biodegradable and naturally renewable
polymer composites. For example, the self-assembled
fibrous nanotubes of arylglicolipids derived from cardanol
[21] may be useful as a reinforcing filler of polymers.
Biodegradable polyectrolyte—surfactant complexes may be
also applicable to the reinforcement of polymers, as
suggested from a previous observation that the complex
of polyacrylic acid and didodecyldimethylammonium
counterions by itself shows a high elasticity and storage
modulus [22, 23].

In this paper, we report the synthesis of glucosamine
(Gluc)-formaldehyde(FA) copolymer/dodecylbenzenesulfo-
nate (SDBS) complexes and PLA composite films doped
with (Gluc-FA)/SDBS complexes. It is also demonstrated
that the mechanical and structural properties of PLA are
strikingly improved by doping of as little as 1 wt% (Gluc-
FA)/SDBS complex.

Experimental
Materials

The reagent grade D-glucosamine hydrochloride (Gluc) and
8 wt% methanol-55 wt% water mixed solution of FA were
purchased from Wako and sodium dodecylbezenesulfonate
(SDBS) from Tokyo Kasei, and all were used without further
purification. The commercial grade of PLA (from Shimadzu,
Mw=123,000, Mw/Mn=1.8, Tm=171 °C, Tg=59.7 °C) was
used as the matrix of polymer composites. The chemical
structure of PLA is shown as the following formula.

GHs O
H--0-CH-C——OH
n

Syntheses of (Gluc-FA)/SDBS complexes

In the typical reactions, Gluc (5.00 g), FA (1.395 g), SDBS
(8.10xx g), and water (20.90 g) were homogeneously
mixed at a molar ratio of 1:2:x:50 (x=0, 0.1, 0.5, 1.0) and
then hydrothermally reacted in an autoclave with a built-in
poly(tetrafluoroethylene) (PTFE) vessel at 120 °C for 24 h.
In this reaction, the condensation reaction of Gluc and FA
developed under the condition with or without ionic
interaction between the —NHJ groups in Gluc and the
—SO5 groups in SDBS. The resulting solids were separated
by centrifugation, washed several times with distilled water,
and then dried in a vacuum oven to obtain (Gluc-FA)
polymer 1 and (Gluc-FA) polymer/SDBS complexes 2.
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Preparation of PLA-(Gluc-FA)/SDBS composites

A given amount of the (Gluc-FA)/SDBS complex (x=0.5)
was sonically dissolved in dioxane and then mixed with
PLA at 1, 2, and 5 wt% of (Gluc-FA)/SDBS, where the
concentration of PLA in dioxane was adjusted to 10 wt%.
The resulting viscous mixed solutions of PLA and (Gluc-
FA)/SDBS in dioxane were spread on a glass plate by using
a doctor knife and then dried in an air oven of 60 °C to
obtain their composite films of 0.1-mm thick. The film of
PLA alone was prepared in a similar procedure.

Characterization

The thermal and physical properties and the structure of the
resulting composites films were characterized as follows.
Transmission and scanning electron microscopic (TEM and
SEM) images were taken by a Hitachi H-8000MU and a
Hitachi H-4100M, respectively. Wide-angle X-ray diffrac-
tion (XRD) measurement was performed on a Shimadzu
XD-D1 diffractometer with CuK, radiation (A=0.1541 nm)
at a scanning rate of 2°/min. The crystallinity (x.) of PLA
for the composite films was estimated in an usual manner
[24]. The crystallite size along 200-axis (Do) of PLA were
calculated from the half value of peak width of 200
diffraction by the following Scherrer’s formula (Eq. 1):

D2()0 = 097\,/(5 Ccos 9200) (1)

where A (nm), 3 (radian), and 6 (degree) are the wavelength
of X-ray used, half width, and Bragg’s angle of 200
diffraction, respectively. Fourier transform infrared (FT-IR)
spectra were measured by KBr pellet method using a Jasco
FT-IR 300. Energy dispersion X-ray microanalysis (EDX)
was carried out on a Horiba Emax-5700. Elemental analysis
of C, H, N, and S was carried out on a Perkin Elmer 2400I1.
The tensile test of the composite film was carried out at
25 °C by using a Shimadzu EZ Test-20N.

Results
Synthesis of (Gluc-FA)/SDBS complexes

The hydrothermally synthesized products were morpholog-
ically feature-poor polymeric materials as shown for x=0.1
in Fig. la. Table 1 lists the elemental analysis data for the
resulting products, 1 and 2a—c, together with the calculated
values. In the SDBS-free system, the observed composition
of Cg¢Hjs 7N for the product 1 is in close agreement with
the calculated one of CgH;4NOg for the (Gluc-FA)
copolymer ideally formed by the condensation reaction of
Gluc and FA at the Gluc/FA molar ratio of 0.5, as shown in
Fig. 2a.
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Fig. 1 a SEM image of (Gluc-FA)/SDBS complex (x=0.1), b optical
photo (OP) image of PLA film, and b OP image of PLA-(Gluc-FA)/
SDBS composite film. The scale bar in a shows 100 um

The calculated compositions of 2a—c in Table 1 were
obtained by assuming that the reaction of Gluc-FA copoly-
mer with SDBS process by Fig. 2b and that the atomic ratios
of S in —SOj3 to N in NH; for the products are equal to the
observed values. The close agreement between the calculated
and the observed values of C and H for 2a—c indicates that in

Table 1 Elemental analysis of the resulting (Gluc-FA)/SDBS complexes

Sample x*  Composition

Observed/atomic ratio Calculated/atomic ratio

C H N S C H N S
1 0 8.6 157 1 0 8 16 1 0
2a 0.1 168 270 1 052 174 306 1 0.52
2b 05 206 363 1 069 204 357 1 0.69
2¢ 1.0 21.1 363 1 066 199 348 1 0.66

#x means the molar ratio of SDBS to Gluc in feed.

Fig. 2b, 2 is validated for the complexation reaction. The
resulting products in the SDBS-added system can thus be
identified as the complexes of (Gluc-FA) and SDBS. It is
also remarked that the S/N atomic ratios, i.e., the ratios of
SDBS to the repeating unit of (Gluc-FA) polymer for 2a—c,
are in the narrow range of 0.52-0.69 independent of the
SDBS amount added (x=0.1-1.0). This fact implies that
these products are not mixtures of SDBS and (Gluc-FA)
copolymer but of their complexed forms.

The complexation of Gluc-FA polymer and SDBS was
confirmed by the infrared spectra of the resulting products
indicating the vc_j; band at 2,966 cm™ ' due to the —CH;
group of SDBS, the dy_c.y band at 1,396 cm ! due to the
—CH,— group of both SDBS and (Gluc-FA) copolymer, the
ve—c band at 1,630 cm™ ! due to the benzene group, and
the vs_o band at 1,184 cm ! due to the sulfate of anion
groups of SDBS, as shown in Fig. 3.

No definite XRD peaks were observed for 1, whereas the
XRD patterns of 2a—c showed a major diffraction peak
around 260=2.8° (d=2.7-2.9 nm) and a hallo band around at
260=20°, as shown in Fig. 4. This XRD observation
indicates that the resulting complexes 2a—c consist of
(Gluc-FA) copolymer/SDBS micelle complexed sheets of
2.7-2.9 nm thick. It is clear that the complexed structures
are formed through the ionic interaction between —NH;
groups of Gluc-FA copolymer and —SO; groups of SDBS.

Preparation and characterization of the composite films
of PLA and (Gluc-FA)/SDBS as nanofillers

PLA and PLA composite films were prepared by casting from
a solution of PLA in dioxane or mixed solution of PLA and
the (Gluc-FA)/SDBS complex (x=0.5) in the same solvent.
Upon drying the film of PLA alone shrunk and caused
wrinkles to exhibit a rough surface, the PLA-(Gluc-FA)/
SDBS composites yielded very smooth and uniform films, as
shown in Fig. 1b and c. This is because the PLA molecules in
the additive-free system easily move to aggregate inhomoge-
neously during drying, finally resulting in a film with a rough
surface. In contrast, the PLA molecules in the PLA-(Gluc-
FA)/SDBS mixed systems cannot move freely due to the
strong interaction between PLA and (Gluc-FA)/SDBS, as
explained later, leading to smooth and uniform films.

Figure 5 shows the XRD patterns of the obtained films from
which the crystallinity (x.) and the crystallite size (D»gg) of
PLA in the films were evaluated in a manner as described
above. The . value for the PLA composite film doped with
1 wt% (Gluc-FA)/SDBS increased up to 75.1% relative to
71.1% for the PLA film, but those for 2 and 5 wt% Gluc-FA/
SDBS-doped films exhibited almost the same values as the
latter film (Fig. 6). Gupta et al. [25] proposed that the PLA
molecules would fold and crystallize in the 200 direction and
estimated the crystallite size D, as 22.3 nm. The D, value
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Fig. 2 a Formation of (Gluc- CH1OH
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of 21.8 nm for the present PLA film is in close agreement
with the reported value, whereas those for the composite films
doped with 1, 2, and 5 wt% (Gluc-FA)/SDBS showed a
marked increase to 33.3, 34.8, and 33.9 nm, respectively
(Fig. 6). The significant increase of . and/or D, for the
PLA-(Gluc-FA)/SDBS composite films relative to those for
PLA film would be arisen from the ionic binding between
the -COOH groups of PLA and the —NH groups of (Gluc-
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PLA-(Gluc-FA)/SDBS composite 3

FA)/SDBS and the crystal growth of PLA from the binding
sites. The XRD pattern for PLA-5 wt% (Gluc-FA)/SDBS
composite film also showed a weak shoulder band around
d=3 nm, indicating that the SDBS micellar structures in
the (Gluc-FA)/SDBS complex are essentially maintained
after the casting treatment (Fig. 5, inset).

Figure 7 shows the stress—strain (SS) curves obtained by a
tensile elongation test. It is of quite interest that the
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Fig. 3 FTIR spectra of (a)
Gluc, (b) SDBS, and (c—e)
(Gluc-FA)/SDBS complexes
obtained at the molar ratios (x)
of SDBS to Gluc; (¢) x=0.1, (d)
x=0.5, and (e) x=1.0

7

3400 2400 1400 400
Wavenumber/cm’™’

elongation at break for the PLA-(Gluc-FA)/SDBS composite
films doped with 1 and 2 wt% (Gluc-FA)/SDBS markedly
increased to 194 and 54.9%, respectively, relative to 37.4%
for the PLA film. Particularly, it is remarked that the use of
as little as 1 wt% (Gluc-FA)/SDBS complex is highly
effective, in marked contrast to a slight or negative effect
observed for the composites with 2 wt% or more complexes.
The energy required to break the film is estimated by the
product of the stress (S) and the elongation (). The fracture
energy for the PLA-1 wt% (Gluc-FA)/SDBS composite film
was evaluated to be 87.1 kJ/m?, being 4.9 times larger than
17.9 kJ/m” for the PLA film.

It was thus first revealed that PLA can be considerably
reinforced by forming the composite of PLA-(Gluc-FA)/
SDBS, with an accompanying significant increase of x. and

Fig. 4 XRD patterns of

(a) Gluc-HCI, (b) SDBS, and
(c—e) the (Gluc-FA)/SDBS
complexes obtained at the molar
ratios (x) of SDBS to Gluc;

(¢) x=0.1, (d) x=0.5, and

(e) x=1.0
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Fig. 5 XRD patterns of (a)
PLA and (b—d) PLA-(Gluc- (200)
FA)/SDBS composite films:
(Gluc-FA)/SDBS content; (b)

1 wt% (c) 2 wt% and (d) 5 wt%.
The detail diffraction patterns at
lower 26 angles for (a) and (d)
are shown in inset
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D,y of PLA crystallite, leading to improvement of the
mechanical properties of PLA.

Discussion
Formation mechanism of (Gluc-FA)/SDBS complexes

Shirahama et al. [26] and another research group [27]
proposed a cooperative binding mechanism of sodium decyl
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Fig. 6 Variation of the crystallite size along 200-axis, D»oo (open circle),

crystallinity, . (filled circle), and elongation (open square) as a function
of (Gluc-FA)/SDBS content for the PLA-(Gluc-FA)/SDBS composite films
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Fig. 7 Stress—strain curves of (a) PLA and (b—d) PLA-(Gluc-FA)/
SDBS composite films. (Gluc-FA)/SDBS content, (b) 1 wt%, ¢) 2 wt%,
and (d) 5 wt%

sulfonate onto a cationic poly(dimetyl-diallylammonium
chloride). Similarly, the hydrothermal polycondensation
reaction of Gluc and FA in the presence of the surfactant
SDBS would proceed cooperatively with the ionic binding of
the —SO; groups of SDBS to the —NH; groups of Gluc
and the self-assembling micelle formation of SDBS mole-
cules. It is also well known that the micelle formation of
surfactants such as SDBS is promoted by the organization
with the counter cations [28]. A similar effect would work
for the formation of (Gluc-FA) copolymer/SDBS micelle
complexes. Although the size of micellar blocks thus formed
cannot be determined, the observed S/N atomic ratios
(Table 1) indicate that 52-69% of the —NH7 groups on
the molecular chain of the (Gluc-FA) copolymer are bound
to the —SO; groups of SDBS. In other words, the SDBS
micellar blocks would be formed along more than half of the
total length of the (Gluc-FA) polymer chain, as shown in
Fig. 8a.

It is also noted that the —SO3 groups of SDBS would react
nonstoichiometrically with the —NHJ ones of Gluc units, and
the 31-48% of —NH; groups in Gluc-FA copolymer remain
unbound to the —SO5 groups of SDBS (Figs. 2b and 8a).
This is probably because the reaction proceeds depending on
the equilibrium between the reactants and their complexed
products [26, 27] and/or the steric filling relation between the
interdistance of —NH; groups in (Gluc-FA) polymer chain
and the molecular size of SDBS [29].

Formation mechanism of PLA-(Gluc-FA)/SDBS
composites

The (Gluc-FA)/SDBS complexes used as fillers in the
present study have about one third of the —NH; groups
remaining unbound, as described above, while the individ-
ual PLA molecule has one —COOH group as the end group.
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Previous studies reported that PLA molecules are bound to
the —NH; groups in Chitosan or modified glucose [30—
33]. In the present system, it is reasonable to assume that
the —COOH groups of PLA are first attracted ionically to
the —NH; groups in (Gluc-FA)/SDBS to form the PLA-
filler primary structure at the stage of precrystallization,
which would accelerate the crystallization of PLA mole-
cules under the effect of the hydrophobic intermolecular
interaction, as schematically shown in Fig. 8b. Furthermore,
the SDBS micellar blocks in (Gluc-FA)/SDBS complex
would serve to stabilize the PLA-filler primary structure,
which is also expected to contribute to the crystallization of
PLA molecules. However, the crystallization behavior of
PLA in the composites is not so simple because the (Gluc-
FA)/SDBS content dependence of . is not the same as that
of D»qo, as described above.

Therefore, we examined the quantitative relationship
between the -COOH and the remaining —NH7 groups on
the fillers. Since the number average molecular weight of
the PLA used is 6.83x10% the content of —COOH end
group, [-COOH], is given by 1/(6.83x10% or 1.46x
107> mol per gram of PLA. From the elemental analysis
data for the (Gluc-FA)/SDBS complex (x=0.5) 2b used as
the filler, the molar weight of the repeating unit of the
complex is 468.3, and the fraction of —NHJ groups
remaining unbound to SDBS in the repeating unit is 0.31.
Hence, the content of —NH3 group, [—NH7 |, amounts to
0.31/468.3 or 6.62x 10 * mol per gram of (Gluc-FA)/SDBS
complex. Accordingly, if the weight fraction of (Gluc-FA)/
SDBS in the PLA composite is taken as wy, the contents
[-COOH] and [fNHﬂ in the composites can be calcu-
lated in the unit of mol/g composite from Eqs. 2 and 3,
respectively.

[~COOH] = 1.46 x 107> x (1 — wy) (2)

[-NH{] = 6.62 x 107 x wy (3)

Based on the combination of Eqs. 2 and 3,
[-NH{] /[-~COOH] ratios for the we=1, 2 and 5 wi%
composites were evaluated to be 0.46, 0.93, and 2.4,
respectively. Considering the crystallization behavior of PLA
in the composites, this calculated data mean that the doping of
1 wt% (Gluc-FA)/SDBS results in the binding of about one
half of COOH groups of PLA matrix to the remaining
[-NH{] groups in the (Gluc-FA)/SDBS complexes as the
filler, which is favorable for the enhancement in crystallinity
of PLA rather than that of all the COOH groups of PLA to
them. In the w=2 and 5 wt% systems, the PLA-filler primary
structure densely linked to the matrix polymer molecules
would decrease the number of PLA crystallites or PLA
crystallinity but make them grow to their ultimate size.
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Fig. 8 Proposed formation
mechanism of a (Gluc-FA)/
SDBS and b PLA-(Gluc-FA)/
SDBS composite and ¢ defor-
mation behavior of PLA mole-
cules against tensile stress for
PLA (C-1) and PLA-(Gluc-FA)/
SDBS composite films (C-2).
DBS block and PLA

crystallite in a and/or b mean
the DBS micellar block bound
to the NH3 groups and the PLA
crystallite domain in the PLA-
(Gluc-FA)/SDBS composite,
respectively. The SDBS micellar
blocks as well as PLA crystal-
lites are omitted from the mod-
els in (C-2) to explain clearly
the molecular behavior
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Mechanical properties and deformation mechanism
of PLA- (Gluc-FA)/SDBS composites

Chen et al. [34] reported that the stereo-complexation of
the D- and L-isomers of PLA leads to the elongation at

COOH group
4

—

oY

—

1) casting from dmxane
2) drying

PLA crystallite

PLA-(Gluc-FA)/SDBS composite

(C-2) PLA-(Gluc-FA)/SDBS
composite film

NII3I group

PLA = *2

J tensile stress

(Glue-FA)/SDBS complex

tensile deformation

break of as large as 60.8%. On the other hand, the present
PLA composite film doped with as little as 1 wt% (Gluc-
FA)/SDBS showed a much larger elongation at break of
194%, in marked contrast to a slight or negative effect
observed for the composites with 2 wt% or more fillers.
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Moreover, the matrix crystallinity (x.) and elongation at
break of the PLA composites exhibited quite similar
behaviors depending on the filler content, including that
their maximum values occur at the characteristic filler
content of 1 wt% (Fig. 6). This finding suggests that the
mechanical properties of the composite films might be
improved by similar effects to those concerned with the
matrix crystallinity.

In the PLA film subjected to tensile stress, the fracture of
the film develops through the separation of PLA molecular
chain ends, as usually observed for polymers [Fig. 8c (c-
D)]. In the 1wt% (Gluc-FA)/SDBS-doped composite film,
about one half of COOH groups of PLA matrix are bound
to the remaining [—NH;r } groups in the fillers, as discussed
above. The resulting PLA-filler primary structure can act as
the cross-linking sites of PLA molecules, which would
hamper the separation of PLA molecular chains and make
them more easily unfolded and extended against the tensile
stress, leading to the extremely high elongation of 194%, as
schematically shown in Fig. 8c (c-2). In contrast to the bulk
fillers such as silica nanoparticles, the (Gluc-FA)/SDBS
complexes as molecular fillers can be easily deformed to
additionally contribute to the film elongation. On further
doping of the filler up to 2 wt%, almost all of COOH
groups of PLA matrix are bound to the remaining [~NH{ |
groups in the (Gluc-FA)/SDBS complexes. Consequently,
the PLA molecules that can freely move or change their
conformations would be greatly reduced in content, which
suppress the deformation of the composite film, leading to
the marked drop in elongation at break. The much lower
elongation at break for the 5-wt% doping of the filler would
be because the excess amount of the (Gluc-FA)/SDBS
complexes added serves as structural defects to prohibit the
entanglement of PLA molecular chains. It should thus be
remarked that the (Gluc-FA)/SDBS complexes used as a
novel nanofiller in the present study is quite different in
their reinforcing mechanism for PLA from the conventional
nanofillers such as SiO, nanoparticles.

Conclusions

We demonstrated a new molecular-filler reinforcing ap-
proach to greatly improve the mechanical and structural
properties of PLA film by only 1-wt% doping of (Gluc-
FA)/SDBS complexes synthesized by the hydrothermal
polymerization of Gluc and FA in the presence of SDBS.
In PLA film, the chain end -COOH groups of PLA
molecules act as a structural defect to initiate the breaking
of film, and hence, to decrease the number of PLA
molecular end groups would lead to the mechanical
improvement. In the present approach, the use of as little
as 1 wt% (Gluc-FA)/SDBS complex resulted in the
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remarkable mechanical improvement of PLA film. The
outstanding reinforcing effect of this molecular filler is based
on the linking of about one half of PLA molecules to the
(Gluc-FA)/SDBS complexes through the ionic bonding
between PLA chain end -COOH groups and the remaining
[—NHﬂ groups of Gluc units. In brief, the chain-end
linking of not too much PLA molecules to the fillers caused
a substantial decrease of the structural defects in the film and
enabled the chain-end-linked PLA molecules in the amor-
phous domain to be more easily unfolded and extended
against the tensile stress. The present concept could be also
extended to the fabrication of filler-reinforced composite
systems using various ionic polymers such as poly(butylene
succinate), poly(hydroxy butylate), and other polyesters.
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