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Abstract

Liquid crystal formation of guar gum (GG) in the presence of water was investigated by differential scanning calorimetry. GG is a neutral
galactomannan, consists of J}p-mannose backbone and ly6p-galactose side chains, and the galactose/mannose ratio is 1:2. It was
found that GG—water has a specific water content range where the liquid crystallization takes place. When GG-non-freezing water system is
solidified rapidly, it was frozen into the glassy state. By heating, glass transition, cold crystallization and liquid crystallization are observed.
Liquid crystallization took place at cold crystallization. By slow cooling, a part of GG molecules associated with water is liquid crystallized
on cooling and the rest amount is frozen in the glassy state. Glassy region forms liquid crystal which is observed as the cold crystallization.
The summation of enthalpy of liquid crystallization obtained on cooling and that of cold crystallization on heating accords well with that of
transition from liquid crystal to isotropic liquid.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of the main chain. The three galactomannan samples con-
sist of 1,4-B-p-mannose backbone and 1,6-a-p-galactose
Guar gum (GG) is a member of the galactomannan side chains, and the galactose/mannose ratio is 1:4, 1:3
family [1,2] consisting of 1,4-B-p-mannose backbone and and 1:2 for LBG, Tara-G and GG, respectively. Among the
1,6-a-p-galactose side chains, and the galactose/mannos@bove three galactomannan, it was found that GG showed
ratio is 1:2. GG has been paid particular attention as an a specific thermal behavio(it1].
industrial polysaccharide due to its rheological properties Phase transition behaviour of polysaccharide—water
[3,4]. GG has been mixed with various kinds of polysac- systems has been reported, however, the majority of re-
charides, such as carrageeff&®] and xanthan gurii’], in ports are concerned with polysaccharide electrolyte—water
order to control viscoelastic properties. At the same time, it systems [12-16]. In our previous reporll], phase
is known that GG—polysaccharide mixtures form hydrogels transition behaviour of galactomannan—water systems
when they are cross-linked by borg8-10]. has been investigated in a water contegtW,) =
We have reported the phase transition of neutral galac- (mass of water/ (mass of dry sampje (g g~1) range from 0
tomannan, such as locust bean gum (LBG)-, tara gumto ca. 5.0gg? by differential scanning calorimetry (DSC).
(Tara-G)—, and guar gum-water systems having variousIn heating DSC curves for three types of galactomannan—
water contentd11]. These three galactomannan samples water systems, glass transition, cold crystallization, and
have different number of side chains in the repeating unit melting of water were observed. The effect of chemical
structure was clearly found in a water content range where
glass transition and cold crystallization were observed. The
* Presented at the Third International and Fifth China—Japan Joint temperature range showing glass transition and cold crys-
Symposium on Calorimetry and Thermal Analysis held in Lanzhou, China, tallization increased according to the order of side chain
15-18 August 2002. _ _ number, i.e. theW, range of LBG-water systems was
. fgrlrgs_gggg'_%%;;thor' Telk+81-3-5275-6023; from 0.6 to 0.7, Tara-G-water systems from 0.6 to 1.0 and
GG-water systems from 0.4 to 2.7 g'g This indicates that
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1 Tel.: +81-776-22-811; fax:-81-776-22-7891. the glassy state of GG—water systems is formed in a wider
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W range than that of LBG— and Tara-G—water systems.
Furthermore, in addition glass transition, cold crystalliza-
tion and melting, transition from liquid crystal to isotropic
liquid was observed in GG-water systems at aboutQ0

in a water content ranging from 0.4 to 2.79'g It is con-
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pans were sealed hermetically using an auto-sealer. Sam-
ples with added water were weighed. Samples were kept
at room temperature overnight in order to confirm that no
mass loss occurred and DSC measurements were carried
out. The samples were heated to°@0then, cooled to

sidered that water—galactomannan interaction is affected by—150°C. The samples were held at150°C for 10 min,

chemical structure and that the structural change of water
markedly influences the phase behaviour.
In order to understand the structural change of water,

and heated to 60C. Cooling rates were 1-5@ min1,

and heating rate was 2C min—1. The pans were pierced
after DSC measurement, and then were annealed &tC.20

the amount of bound water content was calculated basedfor over 1 h in an electric oven. Water content j\Was

on the enthalpy of melting of water in the systems. Water
molecules coexisting with polysaccharides are categorized
into three types, such as, free water;|Wreezing bound
water (W), and non-freezing water (W. The characteris-
tic of each type of water is that melting @ starts at OC,

Wiy, lower than @C, andWys shows no first-order transi-
tion [17]. It was found that LBG having a low side chain
number has the largest amount\f;s, and GG having the
highest side chain number has the lowest amouht:gf In

our previous report, it was found that LBG—water systems
formed gels by freezing and thawing proc¢$8,19], and
GG-water systems formed liquid crystals. It is considered
that the amount oV, and Wy, relates to the gelation and
liquid crystallization. It has been reported that liquid crystals
of polysaccharide electrolyte—water systefha—16] show
both thermotropic and lyotropic characteristic feat .

In this study, the aim is to investigate the liquid crys-
talline properties of GG—water systems, which are an exam-
ple of neutral polysaccharide—water systems, in relation to
the structural change of water in saccharides.

2. Experimental

Guar gum was provided by Fuso Kagaku Co. Ltd., Japan,
and the commercial name is DKS Fine Gum G-270. The
chemical structure of GG is shown fg. 1.

A Seiko Instruments Ltd. differential scanning calorime-

ter DSC200C equipped with a cooling apparatus was used.

Nitrogen gas flow rate was 20 ml mih. Aluminium sealed
type pans were weighed by Sartorius micro-balance with
precision +£0.1 x 10-’g. Samples about 3-5mg 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 sampleW

CHL0H
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0
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Fig. 1. Chemical structure of guar gum.

defined by the following equation:
mass of water

—1
mass of dry sampl(gg g

Water contentW;) =

1)

Glass transition temperaturegjwas defined as the temper-
ature at which the extrapolated baseline before the transition
intersects the tangent drawn at the point of greatest slope
on the step of the glass transitidd1,22]. Temperature
and enthalpy of crystallization and melting of the sample
were calibrated using indium and pure water as a standard
material. The heat capacity difference (HCat Ty was
calculated using the total weight of samijlel,23]. Peak
temperatures were assigned as crystallization temperature
(Te), transition temperature from isotropic liquid state to
liquid crystalline state in coolingTy), melting temperature
(Tm), cold-crystallization temperature ) and transition
temperature from liquid crystalline state to isotropic lig-
uid state in heating7y,), respectively. At the same time,
starting temperature of melting was definedTgg. In this
study, cold crystallization is defined as an exothermic tran-
sition which occurs in a temperature range betwégand

T temperature was calibrated using pure water and start-
ing temperature of cooling and melting were determined as
0°C at heating rate of 10C min—1. Crystallization enthalpy
(AH), cold-crystallization enthalpy (Ak}) and melting
peak enthalpy (AH) were calculated using mass of water
in the GG—water systems. Enthalpy of liquid crystal transi-
tions in cooling(A H) and heating A Hy,) were calculated
using the total mass of systems. Freezing water) (as
evaluated using the following equatioW; contains free
water and freezing bound water §§)/ Enthalpy of melting
water (334 Jgl) was used for calculation:

AHpm/334

Mdry sample

Freezing wate(W;) = (2
heremgry sampleis mass of dry sample. Non-freezing water
was defined as follows:

Non-freezing wate(Wps) = We — Wi 3)

3. Results and discussion

When GG-water systems with W, range from 0 to
3.0gg! were measured by DSC in a temperature range
from —150 to 50°C, heating and cooling curves of the sys-
tem varied in a complex manner as a functionVdf. As
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Fig. 2. Phase diagram of GG—water systeiis.glass transition temper-
ature, Tec: cold-crystallization temperaturd,y: starting temperature of
melting, Tm: melting peak temperaturd};: liquid crystallization temper-
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stated in the mtrOdUCtory S_e,Ctlon’ from the k,)W t_o hlgh tem_ Fig. 3. Stacked DSC cooling curves of various cooling rates of the sample
perature side, glass transition, cold crystallization, melting yith w, — 0.59gg2. Numerals in the figure shows cooling rate.

and liquid crystallization were observed in GG—water sys-
tems. Based on DSC heating curves, the phase diagram of

GG-water systems is obtained as showfi 2. Each tran- side with increasing cooling rat&\H¢ also increases with
sition temperature shown Fig. 2 was defined as stated in increasing cooling rates. After the cold crystallization, two

Section 2. In order to investigate the liquid crystal formation d|s£|nct endoth.erm|c peaks are op;erved at arouficand
of GG-water systems, three samples showing characteris-30 C. Comparlng the phase transition temperatures. of other
tic phase transition behaviour were chosen, i.e. the Samplepplysaccharlde_—wate_r systerfi2,17], a small pe_ak 'S at-
with W, = ca 0.6gg? whereTy decreases as a function of tributed F(_) melting O_f Ice, anda Iarge_endoth_erm |s_attr|bl_1ted
We, the sample withive = 0.8g gt where theT, reaches to transition _from liquid crystal to isotropic liquid. It is
the minimum, and the sample wit; = 1.7gg ! where noted thafl, is observed at a temperature lower thatCQ
the transition from liquid crystal to isotropic liquid is hardly
distinguished in the DSC heating curve.

Fig. 3 shows DSC cooling curves of the sample with
We = 0.59gg ! measured at various cooling rates from 1
to 40°C min~L. Two exothermic peaks, a main peak at about

—20°C and a broad sub-peak at50°C, are found. The
main peak is observed in cooling curves regardless of cool- ] 40
3

Endo

ing rate, in contrast the sub-peak is merged into the main
when cooling rate exceeds 20 min~1. Both peaks shift to
the low temperature side with increasing cooling rate.

Fig. 4shows DSC heating curves measured &t fnin—!
of the above samples witW, = 0.59gg! which have
been cooled at various cooling rates. As already reported in

20

our previous paper, the amount of water (0.59§)gn this 10
system corresponds to the amount of non-freezing water

[11]. Glass transition is clearly observed as a baseline shift 5
at around-70°C. The heat capacity difference®j (AC)) ]

is far larger than that of ordinary amorphous polymers
[24—26]. Shallow exothermic peak at arour@0°C is at- : . I
tributed to cold crystallization. A similar cold crystallization -100 -5
peak is generally observed in other polysaccharide—water T/°C

systems when they are quenched from the 'quuid state toFig_ 4. Stacked DSC heating curves of the sample With= 0.59g g2
the glassy statf23]. Values ofTq and the starting temper-  cooled from 50 to —~150°C at various cooling rates. Heating
ature of cold crystallization shift to the low temperature rate=10°Cmin—2.
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Fig. 5. Stacked DSC cooling curves of various cooling rates of the sample

with W, = 0.81gg L. Numerals in the figure shows cooling rate.

indicating that this water is not normal free water, but freez-
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Fig. 6. Stacked DSC heating curves of the sample With= 0.81gg?!
cooled from 50 to —150°C at various cooling rates. Heating
rate= 10°C min—1,

ing bound water affected by the presence of GG molecules.In both samples with\, of 0.59 and 0.81gqt, Tc was

As clearly seen irFig. 4, AH;, is larger thamAH,.

When DSC cooling curves shown kig. 3are compared
with those ofFig. 4, the large exothermic peak observed at
ca. —20°C in Fig. 3is attributed to liquid crystallization.
Therefore, peak temperature is designate@;asvoreover,

not detected at 1C min—! due to the decrease of apparent
sensitivity.

Fig. 6shows DSC heating curves measured & tin—1
of the sample withW, = 0.81gg* having cooled at var-
ious rates.Ty at —80°C, Tc at —30°C, Ty, at about OC

the low temperature side exothermic peak is attributable to and 7, at 20°C are observed. It is clearly seen that;,

crystallization of freezing bound water in the system. The is almost the same asHp,. Tg and the starting temperature
above DSC curves suggest that almost all water moleculesof cold crystallization shift to the low temperature side and
in the systems are strongly restricted by GG molecules when AH¢¢ increases with increasing cooling rates. Cold crystal-

W is 0.50gg?.

Fig. 5shows DSC cooling curves of the sample with
is 0.81gg ! measured at various cooling rates. When the
phase diagram shown iRig. 2 is referred to, the sample
with W, = 0.81ggt is located in theA, range wherdly
reaches the minimum point. Fig. 5, two exothermic peaks,
a main peak at around-30°C and a broad sub-peak at
around—50°C are observed. DSC cooling curves are similar
to those of the samples wit, = 0.59gg?, although
Ty of this sample is 10C lower than that of the sample
with W = 0.59gg L. Crystallization peak of water clearly
separated from liquid crystallization peak at cooling rates
of 5 and 10°C min~*. Crystallization of water is recognized
as a shoulder peak when cooling rate exceed<Cafin?1.
Liquid crystallization peak shifts to the low temperature side
merging with crystallization peak. This is due to the fact
that 7} depends markedly on cooling rate, in contragt,

lization peak ofW, = 0.81gg ! is broader compared with
that of W, = 0.59ggL. Til of We = 0.81gg? is lower
than that ofW, = 0.59gg ! and AH, of W, = 0.81gg™*
is smaller than that o, = 0.59gg~.

Fig. 7 shows DSC cooling curves of the sample with
We = 1.71gg ! measured at various cooling rates. A sharp
exothermic peak at-20°C is attributed tol; and 75 is not
observed in thid\.. Crystallization of water was observed
at the same temperature in both samples With= 1.71
and 0.81gg?, however,AH; of W, = 1.71gg! is ex-
traordinarily large.

Fig. 8shows DSC heating curves measured &t énin—1
of the sample withW, = 1.71gg ! having cooled at var-
ious rates.Ty at —60°C and T, at —30°C are observed
although they are not distinctyy, of the sample with\
1.71gg?is observed at 5C, which is higher than that of
the samples witt; = 0.59 and 0.81gg'. 77 markedly

maintains a constant temperature. The crystallization peak ofshifts to the low temperature side and was found as a

the sample withW, = 0.81g ¢! is more clearly observed
than that of W, = 0.59gg?. AH of the sample with
W, = 0.81ggt is larger than that oW, = 0.59gg™ .

shoulder of the melting peak at 18. AH};, of the sample
with We = 1.71gg ! is small in comparison with that of
We = 0.59 and 0.81gg’.
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with We = 1.71ggL. Numerals in the figure shows cooling rate.
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Fig. 9. Relationships between phase transition temperatures and cool-
ing rate of samples havingV. = 0.59, 0.81 and 1.71gd. Heating

rate = 10°Cmin~!. (@) 0.59, ©O) 0.81, @) 1.71gg?l. Ty glass
transition temperaturelc.: cold-crystallization temperaturd;,: melting
temperature T: transition temperature from liquid crystalline state to
isotropic liquid state in heating.

above results suggest that molecular motion of GG-water
systems is markedly affected by structural change of water

Relationships between transition temperatures obtainedwhich varies according to the rate of freezing. The molecu-

from heating curves and cooling rate are showrkig. 9.
Melting temperature of water in the systemyfTand tran-
sition temperature from liquid crystalline state to isotropic
liquid state(7};,) show no cooling rate dependency, but both
glass transition temperature gjTand cold-crystallization
temperature (J;) decrease with increasing cooling rate. The

.
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Fig. 8. Stacked DSC heating curves of the sample With=1.71gg!
cooled from 50 to —150°C at various cooling rates. Heating
rate= 10°C min~1.

lar enhancement of GG-water system$@atan be detected
from AC, values sinceAC,, values depend on the amount
of each component and independently obtainé), values,

if the Gordon—Taylor equation is assum@ad].

Fig. 10 shows relationships betweenC, values calcu-
lated from heating curves and cooling rates of the samples
with differentWe. The values ofAC,, of the samples with
We = 0.59 and 0.81gg! increased with increasing cool-
ing rate, howeverAC, of the sample witiv, = 1.71gg?!
maintains constant values regardless of cooling rate. As
shown in the phase diagram of GG—water system shown in
Fig. 2, Ty of ice attributing to free water is detected aha
higher than 1.3 gg! whereTy, value maintains an almost

0.8
0.59
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0.6 |-
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"-U) 04 &
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o
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3 gal 9O 1.71
0 1 i
0 20 a0 60
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Fig. 10. Relationships betweenC,, calculated from heating curve and
cooling rate of samples having variol.'s: (@) 0.59, O) 0.81, @®)
1.71ggL
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iousW,'s: . .81 1.71gg™.
various\We's: (@) 0.59, ) 0.81, (#) 99 Fig. 12. Comparison of\H, and AH¢ of the sample withW, = 0.59,

0.81 and 1.71gg cooled at various cooling rates. () 0.59, (ll) 0.81,
(I 1.71gg 1. Suffixes h and ¢ show heating and cooling.

constant value. The fact thatC, decreases with increasing

W indicates that molecular mobility is restricted in the pres-

ence of ice. Moreover, the number of GG molecules associ-in Fig. 12. These results suggest that the liquid crystals are
ated with non-freezing water decreases with increaghg preferentially formed when water molecules in the system
When non-freezing water molecules which are strongly re- are frozen as non-freezing water. With increasing the amount
stricted by polysaccharide molecules via hydrogen bonding of freezing water, the amount of liquid crystal in the system
are solidified in the glassy state by quenching, amorphousdecreases, suggesting the ice in the system restricts molecu-
ice is formed. Therefore, it is considered that GG molecules lar ordering of GG molecules associated with non-freezing
frozen with a large amount of amorphous ice are more mo- water. In contrast t&\ Hy,, A H: markedly depends on cool-
bile and on this accourTiy was observed at low temperature ing rate. AHZ was not observed whew was 0.17 gg*.

and AC, values were large. By rapid cooling, the period Even thoughA HY increases if the sample is cooled at a
required for molecular rearrangement is insufficient and a slow rate, the difference betwee;, and A H is remark-
larger amount of amorphous ice is frozen in the glassy state.able, as shown ifrig. 12. It is also seen from this figure
WhenW increases, an excess amount of free water forms that the difference betweeNH;, and AH¢ of the sample

ice and molecular mobility of GG molecules is restricted by with W, = 0.59gg?! is the largest, suggesting the role of
surrounding ice. non-freezing water.

As shown inFig. 9, the starting temperature of cold crys- Almost all water molecules in the GG—water systems with
tallization decreases with increasing cooling rate. This sug- W = 0.59 g g ! are categorized as non-freezing wafet].
gests that molecular rearrangement easily starts wiep When the above system was cooled from°@0 no crys-
values are largeFig. 11 shows the relationships between tallization of water was observed, as showrFig. 3. The
AH¢c of samples with different water content and cooling exothermic peak observed in DSC cooling curves (Fig. 3) is
rate. When\, of the systems was 0.59 and 0.81¢ gAHcc attributed to liquid crystallization. When cooling rate is low,

increased in the initial stage, reached about 35 mJ'nagd AHZ increases in the cooling curve (Fig. 12). This suggests
then remained at the same value with increasing cooling the increase of liquid crystallinity due to sufficient time for
rate. In contrastAHcc of the sample withW, = 1.71gg* molecular reorganization. When the liquid crystallinity in-

remained at ca. 10 J¢ regardless of cooling rate. It is con-  creases, molecular enhancement is restricted compared with
sidered that molecular chains associated with amorphousthat of random glassy chains which are obtained by quench-
ice are rearranged in the temperature range of cold crystal-ing. This can be recognized from the facts tiigtshifts to
lization. The fact tha\Hcc values increase with increasing the high temperature side (Fig. 9) ane€C,, value decreases
cooling rate indicates that the amount of mobile fraction in (Fig. 10). FurthermoreAHc is considerably low, as shown
the system increases by rapid quenching. It is noteworthyin Fig. 11. By rapid cooling, GG molecular chains associ-
that AH¢c values of samples with, = 0.59 and 0.81gg* ated with non-freezing water are mainly frozen in the glassy
are the same. This will be discussed in a later section. state. LowTy and largeAC,, and AH¢¢ values indicate that
As shown inFig. 9, transition temperature from liquid molecular movement starts @ and liquid crystallization
crystal to isotropic liquid stateT,,, maintains a constant proceeds at cold crystallization. As shownFiig. 12, A Hy,
value regardless of cooling rate. Values of transition en- values are the same regardless of cooling rate. The liquid
thalpy, A H,, decrease with increasinl;, although no cool- crystal is formed in cooling process when cooling rate is low.
ing rate dependency was foundW is constant, as shown In heating, the remaining part is frozen as random chains
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