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Abstract

Phase transition behaviour of neutral galactomannans, i.e., locust bean gum (LBG), tara gum (Tara-G)
and guar gum (GG)—water systems is investigated. In this study, water content {/#.=(gram of wa-
ter)/(gram of dry sample)} of these systems was varied from 0.2 to 3.6 g g '. In the DSC heating curves,
glass transition (7), cold crystallization (7..) and melting (7},) were observed in all three samples. In
addition, liquid crystal transition (77) was observed in GG—water systems at a temperature higher than
T Using Ty, Te, Trn and T", phase diagrams of each system were established. From the melting
enthalpy of ice in the systems, three types of water, non-freezing water (W), freezing bound water
(Wp) and free water were calculated. The maximum amount of W,; was observed at W=0.7 g gﬁl,
where T, showed the lowest temperature. The amount of W in LBG and GG is higher than that of
Tara-G, whereas the highest amount of Wy, is found in GG. T was only observed in GG—water sys-
tems. It is concluded that frequency of the side chains in the repeating unit of the main chains of these
three galactomannan affects the frozen structure of the glassy state in the presence of water.

Keywords: DSC, glass transition, guar gum, liquid crystal, locust bean gum, non-freezing water,
phase transition, polysaccharide, tara gum

Introduction

Locust bean gum (LBG), tara gum (Tara-G) and guar gum (GG) are categorized as
galactomannan polysaccharides which consist of a 1,4-B-D-mannose backbone and
1,6-a-D-galactose side chains. A structural difference among the three gums is the
galactose/mannose ratio, which is 1:4, 1:3 and 1:2 for LBG, Tara-G and GG, respec-
tively. These chemical structures are shown in Fig. 1. Gelation of the above three galacto-
mannan polysaccharides in aqueous systems has been carried out by chemical modifica-
tions [1, 2], in the presence of cross linking agents [3-8], and mixing with other
polysaccharides, such as xanthan gum and conjac mannan [9-12]. It has also been re-
ported that LBG forms hydrogels by freezing and thawing process [13—15]. It is thought
that regularly spaced side chains have a crucial role in gel forming ability [16].
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Fig. 1 Chemical structure of samples using this study; a — Locust bean gum, b — Tara
gum, ¢ — Guar gum

It is known that cross linking formation of polysaccharide physical hydrogels is
mainly governed by chemical structure. At the same time, it is also reported that confor-
mation of molecular chains of polysaccharides associated with water molecules is related
with gel formation [17-20]. Hydrophylic groups, mainly hydroxyl groups in poly-
saccharide molecules are strongly bound with water molecules via hydrogen bonding.
The molecular motion of the strongly bound water is different from that of pure water
designated as non-freezing water [21]. The first-order phase transition is not observed for
this kind of water. The number of non-freezing water molecules is closely related with
number of hydrophylic groups of polysaccharides. By nuclear magnetic resonance spec-
troscopy (NMR), relaxation times of strongly bound water restrained by polysaccharide
were reported [22, 23], i.e., 'H longitudinal relaxation time (7)) is 4.0-10" s and 'H trans-
verse relaxation time (75,) is 8.0-107 s at 300 K. The NMR data indicate that the molecu-
lar mobility of non-freezing water is closer to that of solid polymers than that of water.
The amount of non-freezing water is smaller than that of free water which is retained by
cross linking networks. In addition to non-freezing and free water, there is a portion of
water showing intermediate properties, i.e. the melting and crystallization temperatures
of which are lower than those of pure water.

Recently, it was found that freezing bound water is related to biocompatibility
and other functional properties, such as blood compatibility [24, 25]. Although phase
transition of polysaccharides—water systems has been investigated by many research-
ers, the major part of reports are concerned with polysaccharide electrolyte—water
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systems [22, 26-28]. In this study, the phase transition behaviour of a series of
galactomannan polysaccharide—water systems was investigated using differential
scanning calorimetry (DSC).

Experimental
Materials

Locust bean gum was obtained from Sigma Chemical Co., USA. The molecular mass
was 3.1-10° according to the manufacturer. Tara gum and guar gum were provided by
Fuso Kagaku Co. Ltd., Japan and Daiichi Kogyo Seiyaku Co. Ltd., Japan. The commer-
cial names of Tara-G is Spino Gum and that of GG is DKS Fine Gum G-270. The sam-
ples were in powder form. LBG was white, Tara-G yellow white and GG light yellow.

DSC measurement

A Seiko Instruments Ltd. differential scanning calorimeter DSC 2000C equipped with a
cooling apparatus was used. Scanning rate was 10°C min"' and sample mass was about
3 to 5 mg. Nitrogen gas flow rate was 20 mL min"'. Aluminium sealed type pans were
used. Pans were weighed by a Sartorius microbalance with precision 0.1-107. Samples
were placed in the pans and a small amount of water was added using a micro syringe.
The water was evaporated until an appropriate amount of water was attained. Then, the
sample pans were sealed hermetically using an auto sealer. Sample with added water
were weighed. Samples were kept at room temperature overnight in order to diffuse wa-
ter into the powder samples. The above samples were again weighed in order to confirm
that no mass loss occurred and the DSC measurements were carried out. The samples
were heated to 60°C then, cooled at 10°C min' to —150°C. The samples were held at
—150°C for 10 min, and heated to 60°C at the same rate. The above process was defined
as the first run. The same measurement was carried out and defined as the second run.
The results of the second run were used for analysis. The pans were pierced after DSC
measurement, and then the pans were annealed at 120°C for 2 to 3 h in an electric oven.
Water content (/) was defined as the following equation,

Water content (W,)=(g of water)/(g of dry sample), (g g) (1)

Glass transition temperature (7,) was defined as the temperature at which the ex-
trapolated baseline before the transition intersects the tangent drawn at the point of
greatest slope on the step of the glass transition [29, 30]. Temperature and enthalpy of
crystallization and melting of the sample were calibrated using indium and pure water
as a reference. The heat capacity difference (AC,) at T, was calculated using the total
mass of sample [31]. Peak temperatures were assigned as melting temperature (7)),
cold-crystallization temperature (7,.) and liquid crystal transition temperature ('),
respectively. The initial temperature of melting (7;,) was defined as the temperature
where DSC curves deviates from the baseline. Temperature was calibrated using pure
water and starting temperature of melting was determined as 0°C at heating rate of
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10°C min". Melting peak enthalpy (AH,_) was also calculated using pure water as a
reference material. Freezing water (/) was evaluated using the following equation.
W, contains free water and freezing bound water (/). Enthalpy of melting water
(334 ] g) [32] was used for calculation.

Freezing water (W)=[(AH,,)/334]/(m 4y umpic) 2)
where m, .0 18 mass of dry sample. Non-freezing water was defined as follows,
Non-freezing water (W, )=W W, 3)

Morphological observations

Galactomannan—water systems were observed using a polarizing microscope (Leitz,
Orthplan POL) at 25°C using a photo sensitive plate.

Result and discussion

Figure 2a shows DSC heating curves of LBG—water systems in a ¥, ranging from
0.29 to 2.45 g g . Glass transition temperature (T, .) 1s observed at ca —85°C for the
samples with a W, larger than 0.5 g ¢!, although T, . is not clearly seen in this figure.
Magnified DSC curves are shown in Fig. 2b. An exothermic peak is observed at
ca —20°C for the samples with .’s 0.61 and 0.75 g g”'. This peak is attributed to
cold-crystallization temperature (7, ). T, is observed between —10 and 5°C for the
samples with a W, higher than 0.4 g g and T, shifts to the high temperature side with
increasing W_. T, ’s are observed at —35 to —10°C depending on W_.
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Fig. 2a Stacked DSC heating curves of LBG-water systems
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Fig. 2b Magnified DSC heating curves of LBG-water systems at —120—-0°C

Figure 3 shows DSC heating curves of Tara-G—water systems in a ¥, ranging from
0.62 to 3 63gg’. T, is observed at around —90°C for the samples with a /¥, smaller than
1.4 g g' although T is not clearly seen in this figure. When DSC curves were magnified
T,and T, were clearly observed s1m11ar to those as shown in Fig. 2b. For the samples
Wrth a W ranging from 0.63 to 1.12 g g ', 7., is found at ca—25°C. T, is seen at ca 0°C for
all samples and 7 shifted to the high temperature side with increasing w.
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Fig. 3 Stacked DSC heating curves of Tara-G—water systems
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Figure 4 shows DSC heating curves of GG—water systems in a ¥/, ranging from
022t02.68gg". T . 1s observed at ca —80°C for the samples with a ¥, larger than
0.22 gg'. T, is observed at ca —30°C for the samples with W, higher than 0.22 g g
and T, shifted to the high temperature side. T, is observed at ca 0°C, and 7" is ob-
served at ca 20°C for the all samples except that having W,=0.22 g g . T, is seen as a
shoulder of 7" in the low temperature side when in a ¥, ranging from 0.5 t0 0.7 g g"'.
T, shifts to the high temperature side with increasing W, on the other hand, 7 shifts to
the low temperature side. 7, and 7" merge with each other.

Endo —» Heat flow/mW a.u.

Fig. 4a Stacked DSC heating curves of GG—water systems

Endo —» Heat flow/mW a.u.

TI°C
Fig. 4b Magnified DSC heating curves of GG—water systems at —120-0°C
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The melting peak of LBG and Tara-G is observed as a single peak (Figs 2 and 3)
and no endothermic peak was detected at a temperature higher than the melting peak. In
contrast, in GG—water systems, an endothermic peak with a shoulder was observed at a
temperature higher than melting. This peak is larger than the melting peak when W, is
lower than 0.63 g g and peak temperature decreases with increasing W,. The peak
merges with the melting peak when W, exceeds 1.4 g g'. By morphological observation,
using a POL, a liquid crystal pattern was observed for the three samples at room tempera-
ture, however, in DSC measurements T~ was observed only for GG—water systems.

Phase diagrams established using phase transition temperatures of each system
are shown in Figs 5, 6 and 7, respectively. 7, T, and T, are observed in all of the
three samples. 7, and 7, are found in W, ranging from 0.5 to 1.0 g g ' for LBG and
Tara-G—water systems (Figs 5 and 6). On the other hand, in GG-water systems, T,
and T, are observed in a wide ¥, ranging from 0.5 to 2.7 g g (Fig. 7). As shown in
Figs 5,6 and 7, T, is observed when W, exceeds 0.4 g g' for all samples. T, increased
with increasing W,, and leveled off at around W.=1.0 to 1.2 g g'. Levelling off tem-
peratures of the three samples are observed at 0°C. In the case of pure water, peak
temperature of melting was observed at 5.4°C at the heating rate 10°C min™' due to
super-heating. The above facts suggest that freezing water coexists with a consider-
able amount of freezing bound water in these galactomannan—water systems.
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IN
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Fig. 5 Phase diagram of LBG—water systems; ® — T, (glass transition temperature),
0 — T (cold crystallization temperature), ¢ — 77, (melting temperature), ¢ — Ty,
(initial temperature of melting)

The fact that 7, and 7, observed in a ¥, ranging from 0.4 to 1.0 g g ' where T is
lower than 0°C suggests that water exists as freezing bound water in LBG— and
Tara-G—water systems. In GG-water systems, 7, and 7, were observed in a W, rang-
ing from 0.4 to 2.7 g g'. It is noted that the W, range where T, . and T, are observed is
affected by the frequency of side chains of the repeating unit of the sample. In
GG—water system, the structural change of water that occurs is more pronounced than
that of the other two systems.
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Fig. 6 Phase diagram of Tara-G—water systems; ® — T, (glass transition temperature),
0 — Tt (cold crystallization temperature), ¢ — 7, (melting temperature), ¢ — Tjy,
(initial temperature of melting)
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Fig. 7 Phase diagram of GG—water systems; ® — T, 0 — T, ® — T}, @ — T;, O-Tm

Among three phase diagrams, T~ and T, are only observed for GG—water sys-
tems. After referring to the established phase diagrams of other polysaccharides—wa-
ter systems, such as cellulose sulfate [33], xanthan gum [34] and carboxymethyl-
cellulose [35], 7" and T, are assigned to liquid crystal transition. As shown in Fig. 4a
and b, 7" is the peak of high temperature side, T 2* is shoulder of 7". This fact that two
peaks are observed suggests the liquid crystalline state formed in GG—water systems
is inhomogeneous. The inhomogeneous structure of the liquid crystalline phase has
also been recognized in polystyrene sulfonate—water systems [26].

Figure 8 shows relationships between W, and AC, for all samples. Maximum
point is seen at W =ca 0.7 g g'. This point corresponds to the minimum value of T, L In
phase diagram of GG—water systems. As shown in Figs 5, 6 and 7, T_ is necessarily
appeared when T, is observed. This indicates that molecular motion of galacto-

g
mannan chains is enhanced cooperatively with bound water at 7, and a portion of ice
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Fig. 8 Relationships between /¥, and AC,; ® — GG, o — Tara-G, ¢ — LBG
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Fig. 9 Relationships between Wy, Wy and W, of LBG—water systems; ® — W (freezing
water), 0 — Wy (non-freezing water)
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Fig. 10 Relationships between Wy, W,r and W, of Tara-G—water systems;
e — JV; (freezing water), o — Wy (non-freezing water)
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frozen in glassy state crystallizes at 7. When freezing ice is formed in the system,
molecular mobility is restricted by the presence of ice. At the same time AC, an index
of the amount of glass, decreases. AC, decreases after passing the maximum point,
and 7, increases with increasing W, as shown in Fig. 7. In order to elucidate the mo-
lecular motion of frozen ice in the glassy state [36], further investigation is necessary
in relation to super-cooling phenomena of water in the system.

w, & W, content /g g

Fig. 11 Relationships between Wy, W,c and W, of GG—water systems; ® — W} (freezing
water), o — Wy (non-freezing water)
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Fig. 12 Comparisons of W,s among three samples; ® — GG, o — Tara-G, ¢ — LBG

Figures 9, 10 and 11 show the relationships between free water (), non-freez-
ing water (W) and water content (¥,) for LBG, Tara-G and GG—water systems, re-
spectively. W, increased with increasing W, and levelled off at 0.7 g g'. The
first-order transition was not detected when W, was smaller than 0.4 g g' where water
molecules are strongly bound by galactomannan chains and exist as non-freezing wa-
ter. W shown in three figures contains a considerable amount of W, (freezing bound

water) whose melting starts at —35 to —10°C as shown in DSC curves (Figs 2—4), and
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phase diagrams (Figs 5-7). The gradient of W, value in a W, range from 0.4 to
1.0 g g is smaller than that of high W, range. This suggests that enthalpy of melting
of W, is lower than that of free water.

W, of three samples is compared in Fig. 12. The highest amount of 7 is found in
LBG, while that of W7, in GG. As reported previously [14], LBG forms hydrogels by
freezing and thawing process, although no gels are formed for the other two samples. It is
thought that hydrogel formation is affected by the amount of non-freezing water.

From the above facts, it is concluded that the phase transition behaviour of
galactomannan—water systems is markedly affected by side chain structure. The
amount of W, in LBG and GG is higher than that of Tara-G. In contrast, the amount
of W, of GG was the highest. The liquid crystalline state was only observed in
GG-water systems. It is noted that the frequency of the side chains of galactomannan
affects the frozen structure in the glassy state in the presence of water.
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