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Abstract

Maltose-pendant polymer/mica nanocomposites were prepared by a solution intercalation me-
thod. For organic composite part, 1) maltose-pendant polymer (homopolymer) and 2) the copo-
lymer of maltose-pendant monomer and a small amount of N,N-Dimethylamino propylacrylamide,
methyl chloride quartenary were used. The morphological studies (XRD and FE-SEM) revealed
that the hybrid of maltose-pendant polymer was a conventional phase separated composite. On
the other hand, the hybrid using the copolymer exhibited exfoliated structure. Both the conven-
tional composite of maltose-pendant polymer and the nanocomposite of copolymer were applied
to a coating material for oxygen gas barrier layer on a nylon-6 film, and oxygen transmission rates
of the films were evaluated. Maltose-pendant polymer had a good oxygen barrier property under
dry condition, and the barrier property under wet condition was improved by the hybridization
with mica. In contrast, the barrier property of copolymer was slightly inferior to that of maltose-
pendant polymer. However, under dry condition, it can be seen that the nanocomposite of copo-
lymer improves the barrier property more effectively than the case of conventional composite of
maltose-pendant polymer.
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1. Introduction

Oxygen gas barrier films have been widely used for food and pharmaceutical packaging in order to protect their
contents from oxidation and denaturation. However, since these films have been produced in large quantities and
have been disposed by incineration, development of materials must be attempted with considering the reduction
of environmental load after use as well as the improvement of their barrier properties. Biodegradable poly-
mer-based materials are, therefore, suitable for these packaging applications [1].

Cellulose (Cellophane), one of the most abundant natural resources, exhibits an oxygen gas barrier property
under a dry condition. But the poor processability and the low solubility in common solvents originated from the
tight inter- and intra-molecular hydrogen bonding have prevented the commercial applications of this material.
Previously, in order to improve these drawbacks, our group synthesized water-soluble oligosaccharide-pendant
polymers [2] [3]. These polymers are expected to retain the biodegradability, biocompatibility and the oxygen
gas barrier property of cellulose.

In the present paper, we synthesized maltose-pendant polymer (Figure 1(a)), and applied to a coating material
for an oxygen gas barrier layer on a nylon-6 film. Amongst oligosaccharides, maltose was employed because of
its availability in large quantities. Subsequently, we hybridized maltose-pendant polymer with mica in order to
improve the barrier property under a high humidity condition.

Polymer/clay nanocomposites, where nanometer-thin clay platelets are dispersed in polymer matrices, possess
enhanced gas barrier properties, and hence they have been investigated in many laboratories [4]-[12]. The me-
chanism of barrier improvement is explained by using the tortuous path model [13] [14]. Clay platelets are na-
turally impermeable, and then diffusing gas molecules are forced to follow the tortuous path created by clay
platelets. For this reason, clays having high aspect ratios are preferable for the effective retardation of gas pene-
tration through polymer films [15].

In the present study, we used mica as inorganic filler, considering its high aspect ratio, over 1000. However,
the charge density of mica platelets is high (about 1 equiv/mol), and platelets are tightly held together by elec-
trostatic forces. Therefore, for the purpose of exfoliating mica platelets individually, we utilized the maltose-
pendant polymer containing cationic groups as well (Figure 1(b)). The morphology of prepared hybrids was
characterized by X-ray diffraction (XRD) analysis and field emission scanning electron microscope (FE-SEM)
observation. The oxygen transmission rate (OTR) of hybrid-coated films was evaluated at three humidity condi-
tions (0%, 50% and 90%), and the effect of mica loading and the influence of polymers were investigated.

2. Materials and Methods
2.1. Materials

Maltose monohydrate and ammonium hydrogencarbonate were obtained from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). 2-isocyanatoethyl methacrylate (2-1EM) was obtained from Showa Denko K. K. (Tokyo,
Japan). N,N-Dimethylamino propylacrylamide, methyl chloride quartenary (DMAPAA-Q) was obtained from
KOHJIN Film & Chemicals Co., Ltd. (Tokyo, Japan). Ammonium peroxodisulfate (APS) and N,N,N’,N’-Te-
traethylethylenediamine (TEEDAmM) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan)
and KANTO CHEMICAL CO., INC. (Tokyo, Japan), respectively. Synthetic mica dispersion (NTS-10) was
obtained from TOPY INDUSTRIES, LIMITED (Tokyo, Japan). All were used without purification.
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Figure 1. Chemical structures of a series of maltose-pendant polymers: (a) maltose-pendant polymer; (b) the
copolymer of maltose-pendant monomer and DMAPAA-Q.
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2.2. Synthesis of Maltose-Pendant Polymers

Previously, our group prepared and characterized oligosaccharide-pendant polymers [2] [3]. In the present study,
maltose-pendant polymer (MPP) was synthesized by the same method (Figure 2) [2]. A typical procedure is as
follows.

Maltose monohydrate (10.53 g, 29.22 mmol) was dissolved in water (150 cm®), and ammonium hydrogen-
carbonate (28.5 g) was added at intervals of 24 h, and was stirred at 37°C for 4 days. The solution was diluted
with water (200 cm®) and concentrated to 50 cm®. This procedure was repeated until the ammonia odor had dis-
appeared. HPLC showed that the purity of freeze-dried product was 64.6%.

The obtained maltosylamine (5.00 g, 9.50 mmol) was dissolved in a 1.0 x 103> M KOH aqueous solution (100
cm®). 2-1IEM (3.67 g, 23.7 mmol) was added to the solution and stirred at 3°C for 12 h with producing white pre-
cipitate as a by-product. This precipitate was removed by filtration. The filtrate was washed with diethyl ether in
order to remove unreacted 2-1EM, and then freeze-dried. The crude product was dissolved in water/methanol
and recrystallized from acetone/diethyl ether. The yield was 5.44 g (purity 76.4%).

The synthesized maltose-pendant monomer (3.80 g, 5.85 mmol) was dissolved in water (20 cm®). Air was
degassed from the solution by nitrogen gas, and APS (13.3 mg, 0.0585 mmol) and TEEDAm (100.8 mg, 0.585
mmol) were added to the solution. The mixture was stirred at 0°C under nitrogen gas atmosphere for 3 h. The
obtained crude polymer was purified by dialyzing in a dialysis tube (Spectra/por 3, Spectrum Laboratories, Inc.)
for 3 days in order to remove unreacted monomer. The product was finally freeze-dried, giving a white powdery
polymer. The yield was 2.21 g.

The maltose-pendant polymer containing cationic groups, that is, the copolymer of maltose-pendant monomer
and a small amount of DMAPAA-Q was also synthesized by the similar method. The mole percent of DMAPAA-Q
in polymerization process was chosen to be 5 mol% and 10 mol%. Hereafter, these synthesized copolymers are
termed CP5 and CP10, respectively.

2.3. Preparation of Maltose-Pendant Polymer/Mica Hybrid-Coated Films

We prepared maltose-pendant polymer/mica hybrids by a solution intercalation method. Maltose-pendant poly-
mer/mica hybrid solutions were prepared by mixing of a 5 wt% maltose-pendant polymer aqueous solution and
a 5 wt% mica dispersion in a determined ratio, and after which sonic was irradiated for 5 min. Each obtained
hybrid solution was cast on a corona-treated nylon-6 film. The thickness of solution was controlled by the wire
bar (wire diameter = 0.75 mm). After drying at 100°C for 30 s, the films were heat-treated at 210°C for 15 s.

2.4. Characterization

The morphology of maltose-pendant polymer/mica hybrids was studied by using XRD analysis and FE-SEM
observation. The basal spacing of hybrids was evaluated by Rigaku diffractometer with CuKe radiation operated
at 45 kV and 200 mA. Samples for XRD analysis were prepared by freeze-drying of hybrid solutions. The sur-
faces of hybrids were observed by Hitachi SU8000 scanning electron microscope using an acceleration voltage
of 5 kV. Samples for FE-SEM observation were prepared by drying of hybrid solutions at 100°C in petri dishes.
The OTR of hybrid-coated films was evaluated using Oxygen Permeation Analyzer 8001 (Systech Illi-
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Figure 2. Synthesis of maltose-pendant polymer (MPP).
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nois) at three relative humidity conditions, 0%, 50% and 90%.

3. Results and Discussion
3.1. Molecular Weights of Maltose-Pendant Polymers

The molecular weights of synthesized maltose-pendant polymers were determined by size exclusion chromato-
graphy (SEC) using a Shodex SB-806M HQ column. The SEC calibration curve was prepared by a pullulan
standard (Shodex STANDARD P-82). We used 10 mM lithium bromide (LiBr) aqueous solution as an eluent
in order to prevent aggregations of the polymers. As shown in Table 1, synthesized polymers have weight-
averaged molecular weights of 280,000 - 960,000 and number-averaged molecular weights of 46,000 -
210,000. The molecular weights of CP10 couldn’t be obtained, because of the adsorption toward the column
packing. Instead, we synthesized the copolymer CP1 and evaluated the molecular weights of this copolymer.
These values indicate that the molecular weights of maltose-pendant polymers decrease with increasing the
ratio of DMAPAA-Q.

3.2. Morphology

Figure 3 shows the XRD patterns of mica powder and a series of maltose-pendant polymers hybrids with mica
at 10 wt% loading. MPP/Mical0* hybrid has a diffraction peak at 20 = 6.73° (d spacing = 13.1 A), which is al-
most the same as that of mica powder (26 = 7.07°, d spacing = 12.5 A). This indicates that mica is dispersed as
tactoids within the MPP matrix. In contrast, the copolymer hybrids, CP5/Mical0 and CP10/Mical0 don’t show
any diffraction peak in 26 = 3° - 10°, suggesting that ammonium cations of these copolymers promote the exfol-
iation of negatively charged mica platelets.

The FE-SEM observation supports the result of XRD analysis. Figure 4 compares the surfaces of MPP/Mi-
cal0, CP5/Mical0 and CP10/Mical0 hybrids. The dark regions represent polymers, and grey parts are micapla-
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Figure 3. XRD patterns of (a) mica powder; (b) MPP/Mical0;
(c) CP5/Mical0; and (d) CP10/Mical0.

Table 1. Molecular weights of maltose-pendant polymers.

Compound code My, (x10°) M, (x10°) Muw/Mj,
MPP 9.59 2.09 459
CP1 5.25 1.39 3.77
CP5 2.84 0.46 6.12
CP10* - - -

*The peak of chromatogram was very weak, and molecular weights of CP10 couldn’t be evaluated.

The number at the end of word represents the loading of mica (wt%). For Example, CP1/Mica5 is the hybrid of copolymer (DMAPAA-Q,

1 mol%) with mica at 5 wt% loading.
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Figure 4. FE-SEM images of the surfaces of (a) MPP/Mical0 hybrid,;
(b) CP5/Mical0 hybrid; and (c) CP10/Mical0 hybrid.

telets. The surface of MPP/Mical0 is coarse, and which can be attributed to the phase separated structure as
confirmed by XRD. On the other hand, the CP5/Mical0 and CP10/Mical0 reveal the smooth surfaces, suggest-
ing that mica platelets are remarkably compatible with these positively charged copolymers. In conclusion,
MPP/Mical0 belongs to a conventional phase separated composite, and we expect that exfoliated nanocompo-
sites are obtained for CP5/Mical0 and CP10/Mical0 hybrids.

3.3. Oxygen Gas Barrier Properties of Maltose-Pendant Polymer/Mica
Hybrid-Coated Films

In general, oxygen gas barrier properties of polymer films are correlated to their crystallinity. Since water mo-
lecules act as a plasticizer, their barrier performance decrease with the increase of humidity level. Therefore, we
observed the OTR of prepared films at three relative humidity conditions, 0%, 50% and 90% (Table 2).

First, we evaluated the OTR of non-coated nylon-6 film. The tolerable value of OTR in the food packaging
application is considered to be 10 cm*® m 2.d *-atm™. Table 2 shows that the OTR of non-coated nylon-6 film is
119 cm*®m%.d *-atm™ at RH 90% condition, revealing that the demand level of food packaging is not satisfied
by the nylon-6 film alone. Another feature is that this nylon-6 film has its minimum OTR value at RH 50% con-
dition (21.8 cm®m2.d -atm™). This humidity dependence was already studied (e.g., [16]), and can be ex-
plained in terms of the extent of interaction between water molecules and molecular chains of nylon-6. That is,
under RH 50% condition a small amount of water molecules suppress the motion of molecular chains, and hence
oxygen gas permeation is reduced.

For the hybrid of MPP, we employed the loading of mica a little higher (10 wt% - 30 wt%), because this hy-
brid took a conventional phase separated structure as confirmed in morphological studies. For simplification, the
supersonic irradiation process of a mixed hybrid solution was omitted. As shown in Table 2, MPP coating im-
proved the oxygen barrier property of nylon-6 film under dry condition, and the OTR was 0.93 cm*®m2.d *-atm *
at RH 0%. The barrier property of MPP can be explained by the inter- and intramolecular hydrogen bonding
between adjacent maltose units. Under wet condition, the barrier property is improved by the hybridization with
mica. Especially, the OTR of MPP/Mica20 and MPP/Mica30-coated films are reduced to less than 10.0
cm®-m 2.d *.atm ™ even at RH 90% condition. This indicates that these films have a potential to be usable in the
food packaging field.

The barrier properties of polymer/clay hybrids are enhanced by finely dispersed impermeable clay particles.
The extent of enhancement depends on the interfacial area between polymer matrix and clay particles. We in-
troduced the cationic groups into maltose-pendant polymer in order to exfoliate negatively charged mica plate-
lets individually. The morphological studies suggested that the exfoliated structures were obtained for these co-
polymer hybrids. Table 2 shows that the oxygen gas barrier properties of copolymer coated films were not bet-
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Table 2. Oxygen transmission rate (OTR) of maltose-pendant polymer/mica hybrid-coated films.

OTR in each humidity (cm®-m2.d*.atm™)
Coating agent

0% 50% 90%
2 48.8 21.8 119

MPP 0.93 14.2 Over 70
MPP/Mical0 0.56 0.54 12.7
MPP/Mica20 0.19 0.59 9.52
MPP/Mica30 0.13 0.10 7.63
CP5 3.60 4.20 86.5
CP5/Mica5 0.50 1.40 81.4
CP5/Mical0 0.10 0.80 75.8
CP10 5.40 10.1 103
CP10/Micab 2.40 5.30 101
CP10/Mical0 0.60 1.60 73.9

*Nylon-6 film. The drying and heat-treatment processes were abbreviated.

ter than that of MPP coated film except for RH 50% condition. In addition, under RH 90% condition, these bar-
rier properties were not improved by the hybridization with mica. For example, the OTR of CP5 coated film was
86.5 cm®m %-d*-atm ' under RH 90% condition, and that of CP5/Mical0 coated film was 75.8 cm®m2.d *-atm™.
These results can be attributed to the lowering of crystallinty and the increase of hygroscopy brought by copo-
lymerization with DMAPAA-Q. In contrast, under dry condition, the oxygen gas barrier property was remarka-
bly improved by the hybridization with mica. For example, the OTR value of CP5 coated film, 3.60
cm®-m2.d *-atm* was reduced to 0.10 cm*®-m%.d *-atm™* by the hybridization with mica at only 10 wt% load-
ing. Considering the corresponding values of MPP system (0.93 and 0.56 cm®-m2.d *-atm™*), we can conclude
that the exfoliation of mica platelets enhances the gas barrier property efficiently under dry condition.

4. Conclusions

In this study, maltose-pendant polymer/mica nanocomposites were prepared, and their oxygen gas barrier prop-
erties were investigated. The XRD analysis and FE-SEM observation revealed that the hybrid of maltose-pen-
dant polymer (homopolymer) was a conventional phase separated composite, and that nanocomposites with ex-
foliated structures were achieved by using the copolymer of maltose-pendant monomer and DMAPAA-Q. This
result indicates that introduction of cationic groups into polymer chains is an effective method for exfoliating
negatively charged mica platelets individually. The oxygen gas barrier films were prepared by casting these
conventional composite or nanocomposite on a nylon-6 film. Maltose-pendant polymer improved the oxygen
gas barrier property under dry condition. The barrier property under wet condition was improved by the hybri-
dization with mica. The OTR at RH 90% condition was reduced to 7.63 cm®m2.d *-atm™ at 30 wt% mica
loading, indicating that this material has a potential to be applied to the food packaging field. The barrier proper-
ties of copolymers were not better than that of maltose-pendant polymer. However, the effects of dispersion at
nano level were confirmed under dry condition.
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