Preparation of Galactomannan-based Materials Compatibilized with lonic Liquids
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ABSTRACT This paper reports the preparation of galactomannan/ionic liquid composite materials
from the corresponding ion gels. Three kinds of galactomannans, that is, fenugreek gum (FG), guar gum
(GG), and locust bean gum (LBG) and an ionic liquid of 1-butyl-3-methylimidazolium chloride
(BMIMCI) were used. When the galactomannan/BMIMCI gels were immersed in ethanol, followed by
dryness under reduced pressure, the galactomannan/BMIMCI composite materials were obtained. The
crystalline structures of galactomannans in the materials were evaluated by the powder X-ray diffraction
measurement. The mechanical property of the FG/BMIMCI composite material under compressive
mode was superior compared with the GG and LBG/BMIMCI composite materials. Then, FG films
compatibilized with polymeric ionic liquids (PILs) were also prepared by in-situ radical polymerization
of polymerizable ionic liquids, 1-(3-acryloyloxypropyl)-3-vinylimidazolium bromide and 1-methyl-3-
vinylbenzylimidazolium chloride by AIBN in mixtures of FG with BMIMCI. The mechanical properties

of the resulting films were affected by the FG/PIL ratios as well as the unit ratios in PILs.
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Introduction

Abundant natural polysaccharides such as cellulose, starch, and chitin have received much attention for
the use as biomass resources to provide new green and sustainable materials because of their eco-
friendly and biodegradable properties [1]. Besides the abundant polysaccharides, many kinds of natural
polysaccharides from various sources such as plants, animals, seaweeds, and bacteria have been known
[2]. For example, some polysaccharides are used as hydrocolloids for a stabilizer, a viscous agent, and a
structure provider in food industries [3]. Galactomannans, which are representative food hydrocolloids,
consist of a (1—4)-linked B-D-mannopyranose main-chain with a branched a-D-galactopyranose unit at
the 6-position [5]. The proportions of galactose and mannose residues in galactomannans are dependent
on the source. Three major galactomannans, fenugreek gum (FG) from Trigonella foenum-graecum,
guar gum (GG) from Cyamopsis tetragonoloba, and locust bean gum (LBG) from Ceratonia siliqua,
have the average galactose/mannose ratios of ca. 1:1, 1:1.8, and 1:3.5, respectively (Fig. 1) [5-8].

To provide new polysaccharide-based materials, we have noted ionic liquids [9,10], which are low-
melting point salts and form liquids at a temperature below the boiling point of water. Because ionic
liquids have been recently found to be used as good solvents for natural polysaccharides such as
cellulose [11-14], and accordingly, can be considered to have a specific affinity for polysaccharides,
efficient methods to produce new polysaccharide-based materials compatibilized with ionic liquids have
the potential to lead to the practical use of natural polysaccharides as the promising biomass resources.
On the basis of these viewpoints, we have reported the facile preparation of gel materials not only of
abundant polysaccharides such as cellulose, starch, and chitin [15-18], but also of hydrocolloid
polysaccharides such as GG, carrageenans, and xanthan gum [19-23], which include ionic liquids as
disperse media in the polysaccharide network matrixes, so-called ion gels. For example, we reported that
functional ion gels of GG with an ionic liquid, 1-buthyl-3-methylimidazolium chloride (BMIMCI), were
obtained when 10 — 30% (w/w) solutions of GG in BMIMCI were left standing at room temperature for
30 min [19,23]. Furthermore, the resulting gels were converted into the GG/BMIMCI composite films

by compression with hot-pressing equipment. To provide another type of polysaccharide materials with
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ionic liquids, we have also focused on polymeric ionic liquids (PILS), i.e., the polymer forms of ionic
liquids, which are prepared by polymerization of polymerizable ionic liquids [24,25], as components of
composite materials with such polysaccharides [26-30]. The composite materials were facilely prepared
by in-situ radical polymerization of polymerizable ionic liquids in the presence of the polysaccharides.

In this paper, we extensively report the preparation of galactomannan-based materials using not only
GG, but also FG and LBG compatibilized with ionic liquids. We first performed the fundamental studies
on the preparation and characterizations of galactomannan/BMIMCI composite materials. The materials
were prepared via the formation of ion gels of FG, GG, or LBG with BMIMCI, followed by removing
appropriate volumes of BMIMCI from the gels. Because FG gave the composite material, which
exhibited the better mechanical property compared with other two galactomannans, then, the approach
was extended to the preparation of FG/PIL composite films by in-situ radical polymerization of
polymerizable ionic liquids in mixtures of FG with BMIMCI, followed by the appropriate procedure. As
the polymerizable ionic liquids, 1-(3-acryloyloxypropyl)-3-vinylimidazolium bromide (AVIMBYr) was
used, which had two polymerizable groups, and thus was polymerized by a radical initiator to produce a
cross-linked insoluble PIL (PAVIMBYr, Scheme 1a). In-situ copolymerization of AVIMBr with other
polymerizable ionic liquid, that is, 1-methyl-3-vinylbenzylimidazolium chloride (MVIMCI), was also

conducted to produce FG/P(AVIMBr-co-MVIMCI) composite films (Scheme 1b).

Experimental

Materials

Galactomannans, GG and LBG, were purchased from Wako Pure Chemical Industries and Sigma-
Aldrich Chemical Co., respectively. A commercial FG powder with contents of > 86% was purchased
from Air Green Co., Ltd. and purified according to the literature procedure [31]. An average
galactose/mannose ratio of the purified FG was evaluated by the *H NMR measurement in D,O to be ca.

1:1. Anionic liquid, BMIMCI, was purchased from Sigma-Aldrich Chemical Co. Polymerizable ionic



liquids, AVIMBr and MVIMCI, were prepared according to the literature procedures [27,28]. Other

reagents were used as commercial grade without further purification.

Preparation of Galactomannan/BMIMCI Composite Materials

A typical experimental procedure was as follows (Runs 4-6, Table 1). A mixture of galactomannan (FG,
GG, or LBG, 0.20 g) with BMIMCI (1.0 g) was heated at 100 °C for 5 h. The resulting homogeneous
solution was left standing at room temperature for 3 h to give a galactomannan/BMIMCI gel (20%
(w/w)). The gel was immersed in ethanol (10 mL for FG gel, 12 mL for GG gel, and 6 mL for LBG gel)
for 5 d. The product was dried under reduced pressure for 2 d to give the galactomannan/BMIMCI

composite material.

Preparation of FG/PIL Composite Films

A typical experimental procedure was as follows (Run 5, Table 2). A mixture of FG (0.31 g, 0.95 mmol)
in BMIMCI (1.6 g) was vigorously stirred to give a suspension. To the suspension, a solution of
AVIMBr (0.064 g, 0.21 mmol), MVIMCI (0.048 g, 0.20 mmol), and AIBN (0.0007 g, 0.0043 mmol, 1.0
mol% for AVIMBr + MVIMCI) in methanol (0.20 mL) was added with stirring. After the resulting
mixture was thinly casted on a Petri dish, it was heated at 100 °C for 9 h and then left standing at room
temperature for 3 h. The obtained gel-like material was subjected to Soxhlet extraction with ethanol for

6 h, followed by dryness under reduced pressure for 2 d to give a FG/PIL composite film.

Measurements

The powder X-ray diffraction (XRD) measurement was conducted using a Rigaku Geigerflex RADIIB
diffractometer with Ni-filtered CuKa. radiation (o = 0.15418 nm). The *H NMR and IR spectra were
recorded on a JEOL ECX-400 and a Shimadzu FTIR8400, respectively. The thermal gravimetric
analysis (TGA) was performed using SIl TG/DTA 6200 at a heating rate of 10 ‘C/min. The stress-strain

curves were measured using a tensile tester (Little Senster LSC-1/30, Tokyo Testing Machine). All tests
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were performed on a single film with a length of ca. 10 mm and the crosshead speed was set at 2

mm/min.

Results and Discussion

Preparation of Galactomannan/BMIMCI Composite Materials

As previously reported [19,23], a solution of GG in BMIMCI was totally turned into the GG/BMIMCI
gel by standing it at room temperature. In this study, we also obtained the FG and LBG gels with
BMIMCI (20% (w/w)) from the corresponding solutions by the same procedure. However, the resulting
gels were hygroscopic and gradually excluded BMIMCI as the similar phenomena appeared for the
GG/BMIMCI gel in 2 d. Therefore, suitable amounts of BMIMCI were removed from the gels by
immersing them in ethanol under appropriate conditions to yield the stable composite materials (Fig. 2).
The weight ratios of BMIMCI and water to galactomannan in the material were calculated by a weight
change from the gel to the composite material and the TGA analysis, respectively (Table 1). The gels
(1.2 g) were first immersed four times in ethanol (6.0 mL each) for 5d, 2 d, 2 d, and 1 d to remove
BMIMCI as much as possible. However, the amounts of remained BMIMCI in the resulting FG, GG,
and LBG composite materials were different as decreased in this order (galactomannan : BMIMCI =1 :
041 (FG), 1 : 0.36 (GG), and 1 : 0.13 (LBG)). This was probably owing to the different
galactose/mannose ratios in galactomannans. It was considered that the lower ratio in LBG favorably
constructed looser network structure in the gel compared with FG and GG, causing the exclusion of
larger amounts of BMIMCI by immersing in ethanol. To adjust the weight ratios of BMIMCI to
galactomannans in the three kinds of composite materials identically, the gels were appropriately
immersed in the different volumes of ethanol. Consequently, when the FG, GG, and LBG/BMIMCI gels
were immersed in ethanol of 10, 12, and 6 mL, respectively, for 5 d, followed by dryness under reduced
pressure, the composite materials with the similar weight ratio of BMIMCI were obtained (Runs 1-3,
Table 1). Then, these galactomannan/BMIMCI composite materials were subjected to the detailed

characterizations.



Fig. 3 shows the XRD profiles of the composite materials in comparison with those of the original
gels and galactomannan powders. The XRD patterns of FG and GG powders exhibited several
crystalline peaks (Figs. 3c and f), whereas such peaks were not mostly detected in the XRD pattern of a
LBG powder (Fig. 3i). The XRD patterns of all the gels did not show obvious crystalline peaks (Figs. 3a,
d, and g), but some crystalline peaks were observed in the XRD patterns of the FG and GG composite
materials (Figs. 3b and e). These results indicated that certain crystalline structures of FG and GG,
which had been disrupted by gelation with BMIMCI, were regenerated in the composite materials.

Fig. 4 shows the stress-strain curves of the composite materials under compressive mode. Both the
fracture stress and strain values decreased in the order of FG, GG, and LBG (Fig. 4a; 5.5 MPa and
35.4%, Fig. 4b; 3.1 MPa and 29.6%, Fig. 4c; 0.9 MPa and 26.1%). The presence of the crystalline
structures of galactomannans in the composite materials probably enhanced their mechanical properties.
The above XRD results and mechanical properties indicated the galactose/mannose ratios somewhat
affected crystallinities of galactomannans in the composite materials, which also influenced their
mechanical properties. Because it can be considered that the mechanical properties are probably affected

by other factors such as chain lengths of galactomannans, the detailed study is under way in our group.

Preparation of FG/PIL Composite Films

Because FG gave the composite material with BMIMCI, which exhibited the better mechanical property
compared with other galactomannans, an attempt to prepare FG films compatibilized with PILs was
made by means of in-situ radical polymerization of polymerizable ionic liquids in mixtures of FG with
BMIMCI (Fig. 5). First, a polymerizable ionic liquid, AVIMBTr, which had two polymerizable groups,
and accordingly, gave a cross-linked insoluble PIL (PAVIMBFr) by its radical polymerization (Scheme 1),
was employed. A suspension of FG and AVIMBTr (1:0.5 w/w, Run 1, Table 2) with AIBN (1.0 mol% for
AVIMBr) in BMIMCI was thinly casted on a Petri dish. Then, the suspension was heated at 100 °C for 9
h simultaneously for the dissolution of FG with BMIMCI and the progress of radical polymerization of

AVIMBr. The resulting homogeneous material was left standing at room temperature for 3 h for the

6



gelation. The gel-like product was subjected to Soxhlet extraction with ethanol to remove BMIMCI and
unreacted AVIMBI, followed by dryness under reduced pressure to give a FG/PAVIMBr composite film.
As a control experiment, a FG film was also prepared from a mixture of FG with BMIMCI according to
the same procedure as above. From the elemental analysis data by the SEM-EDX measurement of this
film, CI element was not detected, suggesting the absence of BMIMCI in the FG film. On the basis of
this result, we evaluated that BMIMCI was mostly removed from the FG/PAVIMBr composite film by
Soxhlet extraction with ethanol. The presence of PAVIMBY in the composite film was then confirmed
by the IR measurement. Fig. 6b shows the IR spectrum of the composite film in comparison with that of
a FG powder (Fig. 6a). The C=0 absorption due to the ester linkage of PAVIMBr, which was not
detected in the IR spectrum of a FG powder, was observed at 1713 cm™ in Fig. 6b. This data indicated
that in-situ radical polymerization of AVIMBr progressed in the system to produce the insoluble
PAVIMBr, which was not washed out by Soxhlet extraction and thus was present in the composite film.
The weight ratio of PAVIMBTr to FG in the composite film was estimated by a weight of the Soxhlet
extract and its '"H NMR analysis using 1,4-dimethoxybenzne as an internal standard to be 1:0.23.
Similarly, the composite films with the different FG/PAVIMBr weight ratios were prepared by varying
the FG/AVIMBTr feed weight ratios in the preparation procedure. As understood from the data in Table 2,
the half or one-third of AVIMBTr used were polymerized.

Fig. 7 shows the XRD profiles of the obtained composite films in comparison with those of a FG
powder and the FG film. These results indicated that the crystalline peaks of FG at around 21° (indicated
with shadow) gradually appeared with decreasing the ratios of PAVIMBT to FG in the composite films
(Fig. 7c = Fig. 7f). To evaluate the mechanical properties of the composite films, the stress-strain
curves were obtained by the tensile testing, which were shown in Fig. 8. Both the fracture stress and
strain values of the composite film with the higher PAVIMBT ratio (Fig 8b; 27.0 MPa and 1.1% for Run
1, Table 2) were smaller than those of the FG film (Fig. 8a; 38.7 MPa and 2.5%). With decreasing the
PAVIMBT ratios in the composite films, the fracture stress and strain values increased, as an example of

Fig. 8c (34.2 MPa and 2.3% for Run 2, Table 2). Furthermore, the fracture strain values in the composite
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films with FG/PAVIMBTr ratios of 1:0.046 and 1:0.022 (Runs 3 and 4, Table 2) were a little beyond
those of the FG film with the comparable fracture stress values (Fig. 8d; 32.2 MPa and 2.8%, Fig. 8e;
36.1 MPa and 3.1%). These results suggested that the presence of higher ratio of PAVIMBYr in the
composite film caused the brittle nature, whereas a little amount of PAVIMBTr present in the composite
films induced to show high elongation ability although the effect was limited. In addition to the ratios of
PAVIMBr to FG, the crystallinities of FG in the composite films, which were evaluated by the XRD
analysis (Fig. 7), probably somewhat affected the mechanical property.

The FG/P(AVIMBr-co-MVIMCI) composite films were also prepared by in-situ radical
copolymerization of AVIMBr with MVIMCI (Scheme 1) according to the procedure of Fig. 5. The unit
ratios in the PILs of the composite films, which were estimated by the *H NMR analysis of the Soxhlet
extracts using 1,4-dimethoxybenzne as an internal standard, relatively accorded to the feed molar ratios
in the copolymerization (Runs 5 and 6, Table 2). Figs. 9c and d show the stress-strain curves of the
resulting two composite films under tensile mode in comparison with those of the FG/PAVIMBYr
composite film (Fig. 9b) with the relatively identical FG/PIL molar ratio (ca. 1:0.05, Run 3, Table 2) as
well as the FG film (Fig. 9a). The fracture strain values increased with increasing the unit ratio of
MVIMCI in PILs, whereas the fracture stress values decreased. These data indicated the incorporation of

the MVIMCI units in PILs affected higher elastic modulus of the composite films.

Conclusions

In this study, we performed the preparation of galactomannan/BMIMCI composite materials. When
the 20% (w/w) FG, GG, and LBG/BMIMCI gels were immersed in ethanol, followed by dryness under
reduced pressure, the galactomannan/BMIMCI composite materials with the appropriate ratios were
obtained. The XRD results of the materials indicated that the certain crystalline structures of FG and GG,
which had been mostly disrupted in the gels, were regenerated in the composite materials. The
mechanical property of the FG/BMIMCI composite material was better than that of other materials,

probably because of the higher galactose/mannose ratio in FG. Furthermore, the FG/PIL composite films
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were prepared by in-situ radical polymerization of AVIMBr or copolymerization of AVIMBr with

MVIMCI by AIBN in mixtures of FG with BMIMCI. The higher ratios of PAVIMBr to FG in the

composite films gave brittle nature, whereas the presence of a little amount of PAVIMBTr affected to

show high elongation abilities of the films. Furthermore, the higher unit ratios in P(AVIMBr-co-

MVIMCI)s affected higher elastic modulus of the films. The present materials will have potential to

apply to the bio-based functional materials such as conductive materials in the future. Therefore, the

more detailed studies on the properties and functions as well as the suitable applications of the present

films are now in progress.
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Scheme and Figure Captions

Scheme 1. Radical polymerization of AVIMBr (a) and radical copolymerization of AVIMBr with

MVIMCI (b).

Fig. 1. Structures of fenugreek gum, guar gum, and locust bean gum.

Fig. 2. Procedure for preparation of galactomannan/BMIMCI composite materials.

Fig. 3. XRD profiles of FG/BMIMCI gel (a), FG/BMIMCI composite material (b, Run 1, Table 1), FG
powder (c), GG/BMIMCI gel (d), GG/BMIMCI composite material (e, Run 2, Table 1), GG powder (f),

LBG/BMIMCI gel (g), LBG/BMIMCI composite material (h, Run 3, Table 1), and LBG powder (i).

Fig. 4. Stress-strain curves of FG, GG, and LBG composite materials of Runs 1, 2, and 3 in Table 1 (a, b,

and c, respectively) under compressive mode.

Fig. 5. Procedure for preparation of FG/PIL composite film.

Fig. 6. IR spectra of FG powder (a) and FG/PAVIMBr composite film (b, Run 1, Table 2).

Fig. 7. XRD profiles of FG powder (a), FG film (b), and FG/PIL composite films of Runs 1, 2, 3, and 4

in Table 2 (c, d, e, f, respectively).

Fig. 8. Stress-strain curves of FG film (a) and FG/PIL composite films of Runs 1, 2, 3, and 4 (molar
ratios of FGto PIL =1:0.25,1: 014, 1:0.050, and 1 : 0.024) in Table 2 (b, c, d, e, respectively) under

tensile mode.

Fig. 9. Stress-strain curves of FG film (a) and FG/PIL composite films of Runs 3, 5, and 6 (molar ratios

of FGtoPIL=1:0.050,1:0.041, and 1 : 0.045) in Table 2 (b, c, d, respectively) under tensile mode.
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Fig. 8. Stress-strain curves of FG film (a) and FG/PIL composite films of Runs 1, 2, 3, and 4 (molar
ratios of FGto PIL=1:0.25,1: 014, 1:0.050, and 1 : 0.024) in Table 2 (b, c, d, e, respectively) under

tensile mode.
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Fig. 9. Stress-strain curves of FG film (a) and FG/PIL composite films of Runs 3, 5, and 6 (molar ratios

of FGto PIL=1:0.050, 1:0.041, and 1 : 0.045) in Table 2 (b, c, d, respectively) under tensile mode.
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Table 1 Preparation of galactomannan/BMIMCI composite materials

Run Galactomannan  Volume of ethanol (mL) Weight ratio in material

Galactomannan : BMIMCI? : water®

1° FG 10 1:0.75:0.26
2° GG 12 1:0.72:0.19
3 LBG 6 1:0.76:0.11

% Determined by weight change from gel to composite material.

® Determined by TGA.

¢ 20% (w/w) Galactomannan/BMIMCI gel (1.2 g) was immersed in ethanol for 5 d.

19



Table 2 Preparation of FG/PIL composite film

Feed

Run Weight ratio Molar ratio

Weight ratio®

Molar ratio®

FG : polymerizable  FG : AVIMBr : MVIMCI

FG : AVIMBr : MVIMCI

ionic liquid
1 1:0.50 1:054:0
2 1:0.25 1:0.27:0
3 1:0.13 1:0.14:0
4 1:0.071 1:0.076:0
5 1:0.36 1:0.22:0.22
6 1:0.18 1:0.021:0.22

1:025:0

1:0.14:0

1:0.050: 0

1:0.024: 0

1:0.022:0.019

1:0.0032:0.042

% Determined by weight of Soxhlet extract and its *H NMR analysis.
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