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bstract

The effect of thermal history on gel–sol transition was investigated by highly sensitive differential scanning calorimetry (DSC) in order to clarify
he non-equilibrium state of �-carrageenan hydrogels. �-Carrageenan with a concentration from 0.5% to 5.0% was used. When concentration of
olution was lower than 2.0%, homogeneous �-carrageenan gel was formed when aqueous solution was fully equilibrated. When concentration
xceeded 3.0%, a sub-peak could be observed at the low temperature side of the main peak. It was indicated that helices having various sizes and

ifferent kinds of defects are present in the junction zone. Thermal histories, such as cooling rate from the sol state or annealing at around gel–sol
ransition temperature, markedly affect the junction zone formation. A large junction zone is formed at a slow gelation rate, and also that many
mall junction zones form at a fast gelation speed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that the first order phase transition of poly-
eric materials in the solid state is markedly affected by thermal

istory and that equilibrium state is not easily attained due to the
omplex higher order structure [1]. Although efforts have been
ade to attain the equilibrium melting temperature of polymers

nd obtain basic thermodynamic data, the transition tempera-
ures obtained by ordinal thermal analytical (TA) methods are
ecessarily affected by thermal history, accordingly molecular
elaxation phenomena accompany the thermal transition data.

Recently, hydrogelation of bio-macromolecules, including
arious kinds of polysaccharides, has received particular atten-
ion, since the bio-compatible nature of polysaccharides has a

otential for medical applications [2,3]. On this account, the
hermal transition of highly concentrated aqueous polysaccha-
ide solution has been extensively studied by TA, especially
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y differential scanning calorimetry (DSC) [4–8]. Among DSC
ata concerning the gel–sol transition, double or triple transi-
ion peaks are frequently reported and these peaks are mainly
ttributed to the complex characteristics of the samples. In the
ase of solid polymers, DSC melting or crystallization peaks
aving several peaks are attributed to not only polymorphic
tructure, but also size and regularity of crystalline region which
re controllable by the relaxation process of the sample [1].

In this study, the effect of thermal history on gel–sol transition
s investigated by DSC in order to clarify the non-equilibrium
tate of polysaccharide hydrogels. �-Carrageenan is chosen as a
epresentative polysaccharide showing clear gel–sol or sol–gel
ransition.

. Experimental

.1. Sample preparation
�-Carrageenan in powder form was purchased from SIGMA.
he Mw of �-carrageenan was 3.71 × 105 g mol−1 by dynamic

ight scattering [9]. Carrageenan was solved in deionised water

mailto:m-iijima@nagasaki-u.ac.jp
dx.doi.org/10.1016/j.tca.2006.10.019
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transition, 5.0% �-carrageenan sol was cooled at various cooling
rates, as shown in Fig. 3(a). In cooling curves, exothermic double
peaks by sol–gel transition are observed and the peaks widen
4 M. Iijima et al. / Thermoc

t 25 ◦C and solutions with concentration from 0.5% to 5.0%
ere prepared. The solutions were annealed at 105 ◦C for 2 h.
he sol sample was poured into a DSC pan. The samples were
aintained at below 25 ◦C for 10–30 min. Transparent gels were

ormed.

.2. Measurements

A Seiko Instruments Inc. highly sensitive differential scan-
ing calorimeter (DSC) DSC 120 equipped with a cooling
pparatus was used. Temperature and enthalpy calibrations were
arried out using water. A silver sealed type sample pan with a
olume of 70 �l was used. Sample mass was ca. 50 mg. A Sar-
orius ultramicro-balance (±1.0 × 10−5 g) was used for sample
ass measurements. The sample pan was hermetically sealed

nd the total mass of the carrageenan gel was recorded. Liq-
id nitrogen was used as a coolant. Distilled water was used
s a reference in order to balance the thermal conductivity of
he reference and sample holders. The sample was heated from
5 ◦C to 90 ◦C at sol state in the sample pan. Then the sam-
le was cooled from 90 ◦C to −10 ◦C and heated from −10 ◦C
o 90 ◦C (first-run measurement). Next, the sample was cooled
rom 90 ◦C to −10 ◦C and heated from −10 ◦C to 90 ◦C (second-
un). The heating rate was 0.5 ◦C min−1 and cooling rate was
aried from 0.1 ◦C min−1 to 5 ◦C min−1. At the same time, a
eries of �-carrageenan hydrogels were annealed at 50–70 ◦C
or 1–120 min in the DSC sample holder.

From heating curves, the starting temperature of gel–sol
ransition (Ti,g–s), peak (Tp,g–s) and end temperature of gel–sol
ransition (Te,g–s) were defined. Ti,g–s was defined as the temper-
ture where DSC curves deviate from the baseline. Te,g–s was
efined as the temperature where DSC curves return to the base-
ine. From cooling curves, the starting temperature of sol–gel
ransition (Ti,s–g), peak (Tp,s–g) and end temperature of sol–gel
ransition (Te,s–g) were defined. The gel–sol transition enthalpy
�Hg–s) and sol–gel transition enthalpy (�Hs–g) were calculated
rom the area of gel–sol transition endothermic peak and that of
ol–gel transition exothermic peak, respectively. �Hs–g values
ere calibrated using �Hc values of water.

. Results

Fig. 1 shows stacked DSC curves of �-carrageenan hydro-
els with various concentrations. Fig. 1(a) shows cooling curves
nd (b) heating curves. The patterns of DSC heating and cool-
ng curves were reproducible by repeated runs. In DSC cooling
urves, an exothermic peak due to sol–gel transition was clearly
bserved. The exothermic peak became broad and a shoulder
as observed in the low temperature side of exothermic peak
hen concentration exceeded about 3.0%. A double peak was
istinctly observed when concentration was 3.0%, 4.0% and
.0%. Temperature of transition region (Tig–Tes) increased with
ncreasing concentration, i.e. ca. 15 ◦C for 0.5 wt% and ca. 25 ◦C

or 5.0% sample. In DSC heating curves, DSC baseline gradually
hifted to endothermic direction at around 25 ◦C regardless of
oncentration, and an endothermic peak due to gel–sol transition
as observed. The endothermic peak of gel–sol transition was
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ig. 1. Stacked DSC curves of �-carrageenan hydrogels with various concen-
rations: (a) cooling curves and (b) heating curves.

road and a shoulder was observed in the low temperature side of
he endothermic peak for 4.0 wt% and 5.0 wt% samples. When
eating and cooling DSC curves are compared, the exothermic
eak due to sol–gel transition was narrow and the endothermic
eak broad.

Fig. 2(a) shows peak temperature of sol–gel (Ts–g) and
el–sol transition (Tg–s) as a function of concentration. Peak
emperature increases with increasing concentration and ther-

al histeresis is clearly observed. When temperature of thermal
isteresis is defined as �T = Tp,g–s − Tp,s–g, �T was ca. 18 ◦C in
whole range of concentrations. Fig. 2(b) shows relationships
etween sol–gel transition enthalpy (�Hs–g) or gel–sol transi-
ion enthalpy (�Hg–s) and concentration. A linear relationship
an be observed in a whole range of concentration, however,
f �H values are examined precisely, it is found that �Hg–s is
maller than �Hs–g at a concentration lower than 3.0%. In con-
rast, �Hg–s is larger than �Hs–g when concentration is higher
han 3.0%.

In order to examine the effect of thermal history on sol–gel
ig. 2. (a) Relationships between sol–gel transition temperature (Ts–g) or
el–sol transition temperature (Tg–s) and concentration of �-carrageenan hydro-
els: (©) Tp,s–g and (�) Tp,g–s. (b) Relationships between sol–gel transition
nthalpy (�Hs–g) or gel–sol transition enthalpy (�Hg–s) and concentration of
-carrageenan hydrogels: (©) �Hs–g and (�) �Hg–s.
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ig. 3. Stacked DSC curves of 5.0% �-carrageenan hydrogels with various
ooling rates: (a) cooling curves and (b) heating curves.

ith increasing cooling rate. Ti,s–g and Te,s–g decreased with
ncreasing cooling rate. When cooling rate was 5 ◦C min−1, the
igh temperature side peak was merged into the low temperature
ide peak. DSC heating curves of gels formed at various cooling
ates are shown in Fig. 3(b). Heating rates are 0.5 ◦C min−1

or all samples. In heating curves, two endothermic peaks can
learly seen for samples cooled faster than 1 ◦C min−1. It is
otable that Ti,g–s and Te,g–s are maintained at 25 and 78 ◦C
egardless of cooling rate.

Peak temperatures of gel–sol transition Tg–s are shown as
function of cooling rate in Fig. 4(a). Enthalpies of sol–gel

nd gel–sol transition are also shown in Fig. 4(b). Both �Hs–g
nd �Hg–s gradually decrease with increasing cooling rate. The
alues of �Hg–s are larger than those of �Hs–g. The enthalpy
ifference (=�Hg–s − �Hs–g) of both transitions is larger in a
ange of slow cooling rate.

Sol–gel transition of 2.0% �-carrageenan was also measured
y DSC at various cooling rates, although this data is not shown.

he transition behaviour was quite different from the sample of
.0%, i.e. Ti,g–s, Tp,g–s and Te,g–s were maintained at a constant
t 27 ◦C, 50 ◦C and 60 ◦C, respectively, regardless of cooling
ate. �Hg–s was a constant value at 0.76 J g−1. This suggests

ig. 4. (a) Relationships between gel–sol transition temperature (Tg–s) or sol–gel
ransition temperature (Ts–g) and cooling rate of 5.0% �-carrageenan hydrogels:
©) Tp,s–g and (�) Tp,g–s. (b) Relationships between gel–sol transition enthalpy
�Hg–s) or sol–gel transition enthalpy (�Hs–g) and cooling rate of 5.0% �-
arrageenan hydrogels: (©) �Hs–g, and (�) �Hg–s.
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ig. 5. Stacked DSC curves of 5.0% �-carrageenan hydrogels annealed at vari-
us temperatures for 60 min: (a) cooling curves and (b) heating curves.

hat transition temperature and enthalpy were scarcely affected
y cooling rate when concentration was low.

In order to investigate the effect of annealing on gelation,
.0% �-carrageenan samples in sol state were annealed in a tem-
erature range of gel–sol transition. Annealing was carried out at
0 ◦C, 55 ◦C, 60 ◦C, 65 ◦C and 70 ◦C for 60 min. Fig. 5(a) shows
tacked DSC cooling curves of 5.0% �-carrageenan hydrogels
nnealed at various annealing temperatures. In cooling curves,
he high temperature side peak of annealed samples decreased
ith decreasing annealing temperature. When annealing tem-
erature was lower than 65 ◦C, a single exothermic peak was
bserved. Enthalpy decreased with decreasing annealing tem-
erature. DSC heating curves of gels formed after annealing are
hown in Fig. 5(b). The pattern of the endothermic peak var-
ed according to annealing temperature. It is observed that the
el–sol transition peak is divided into two parts at a character-
stic point, as indicated by the arrows. As shown in Fig. 5(b),
he temperature indicated as a characteristic point between two
ndothermic peaks accorded well with annealing temperature.
t is also seen that the high temperature side became sharper
ith increasing annealing temperature. The endothermic peak

emperature, Tp,g–s, shifted to the high temperature side with
ncreasing annealing temperature.

The endothermic peak was divided into two parts, one is the
eak area observed at a temperature lower than the annealing
emperature and the other is the peak area higher than anneal-
ng temperature. From each peak area, the enthalpy of the high
emperature side �Hg–s 1, and that of the low temperature side

Hg–s 2 were calculated. Fig. 6 shows relationships between
Hg–s and annealing temperature of 5.0% �-carrageenan hydro-

els annealed for 60 min. Fig. 6 shows �Hg–s 1, �Hg–s 2 and the
ummation of �Hg–s 1 and �Hg–s 2 (�Hg–s). �Hg–s 1 linearly
ecreased and �Hg–s 2 increased with increasing annealing tem-
erature. At the same time, it was found that �Hg–s was observed
t 2.1 J g−1, regardless of annealing temperature.

The effect of annealing time of gelation was also investi-

ated. Annealing was carried out at 60 ◦C for various times from
min to 120 min. Fig. 6(a) shows stacked DSC cooling curves
f 5.0% �-carrageenan sols annealed at various times. In cool-
ng curves, a single exothermic peak due to sol–gel transition
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Fig. 6. Relationship between gel–sol transition enthalpy (�Hg–s) or sol–gel
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ransition enthalpy (�Hs–g) and annealing temperature of 5.0% �-carrageenan
ydrogels annealed for 60 min: (�) �Hg–s, (�) �Hg–s 1, (�) �Hg–s 2, and (©)
Hs–g.

as observed at 38 ◦C. Fig. 7(b) shows heating curves of hydro-
els formed after annealing at 60 ◦C for various times. Heating
ate was 1 ◦C min−1. No large differences were found in heat-
ng curves, although the endothermic peak is separated into two
arts at 60 ◦C.

. Discussion

It is known that carrageenan gel is formed after molecular
onformation changes from coil to helix [10], although the heli-
al structure associated with the above conformational change
s a matter of discussion [11–14]. It has also been reported that
el formation is affected by various factors such as the kind of
lkali metal ions, the temperature, the pH and the concentra-
ion [15–19]. In relation to gelation mechanism, the structure of
arrageenan in aqueous media has been investigated by optical

otation [20,21], light scattering [22,23], X-ray diffraction [24],
hermal analysis [25–30], dielectric relaxation [31], small angle
-ray scattering (SAXS) [9,32], rheology [33] and atomic force
icroscopy (AFM) [34]. Among various measurement tech-

ig. 7. Stacked DSC curves of 5.0% �-carrageenan hydrogels annealed at vari-
us times at 60 ◦C: (a) cooling curves and (b) heating curves.
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iques, DSC is a useful method when molecular relaxation in
he sol state is concerned with the gelation, since thermal history
f sol state can be easily and precisely controlled in a sample
older.

Homogeneous �-carrageenan gel is formed from well equili-
rated aqueous solution, when concentration of solution is lower
han 2.0%. As described in the results section, when concen-
ration was 2.0%, transition behaviour showed no significant
hange by annealing at a temperature from 50 ◦C to 70 ◦C. The
el–sol transition accorded well with those reported by other
esearchers [27–30].

When concentration exceeds 3.0%, a sub-peak can be
bserved at the low temperature side of the main peak. As shown
n Fig. 1, the sub-peak was distinctly observed in exothermic
ransition to a greater degree than that of the endothermic peak.
t is noteworthy that clear sol–gel transition was observed in
his study, since no quantitative data on sol–gel transition from
ooling DSC curves has been reported [25–27,35,36], although
hermal data on gel–sol transition of �-carrageenan hydrogels
as been widely investigated [28–30]. As shown in Fig. 2(b),
hermal hysteresis was clearly seen i.e. the temperature differ-
nce between �T (Tp,g–s − Tp,s–g) values maintained a constant
alue, ca. 18 ◦C, regardless of concentration. This �T value
ccords with the data obtained by optical rotation [37] and by
hoton transmission techniques [38,39].

As shown in Fig. 2(b), �Hs–g and �Hg–s of �-carrageenan
anged from 0.5% to 5.0% were about 0.15–2.17 J g−1. Both
Hs–g and �Hg–s linearly increased with increasing concen-

ration, however when concentration exceeded 3.0%, the values
f �Hs–g became larger than that of �Hg–s. The enthalpy dif-
erence of �Hs–g and �Hg–s observed for 4.0% and 5.0% is
ot negligible. This suggests the gelation mechanism changes at
round this concentration range [25].

In the cooling process, when concentration exceeds 3.0%,
arrageenan molecules aggregate with adjacent molecules and
egular helices are formed. This junction zone formation is
bserved as a high temperature side exothermic peak in DSC
urve. By successive cooling, due to the existence of an excess
umber of molecular chains, residual carrageenan molecules
ggregate with other molecules located at certain distances. This
ormation of helices is observed as a low temperature side peak.
he fact that �Hg–s is larger than �Hs–g in a concentration
ore than 3.0% (Fig. 2(b)) suggests that not all carrageenan
olecules are involved in junction zone formation in the cool-

ng process, but rearrange in the heating process. The fact that
tarting temperature of gel–sol transition was hardly detected
n a high concentration range (Fig. 1(b)), indicates that helices
aving various sizes and different kinds of defects are present
n the junction zone. From the results of DSC curves cooled at
arious rates, it is thought that a large junction zone is formed
t a slow gelation rate, and also that many small junction zones
orm at a fast gelation speed (Fig. 3). Fig. 8 shows schematic
llustration of �-carrageenan gel formation by fast and slow cool-

ng [40]. Cooling dependency of �Hg–s for 5.0% gel (Fig. 4(b))
howed that the number of molecules involved in the junction
one depends on cooling rate and random sizes helices in the
unction zone increases with increasing cooling rate.
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Fig. 8. Schematic illustration

By annealing, the junction zone clearly divided into two
ortions since the characteristic temperature that separated the
ndothermic peak exactly corresponded to the annealing tem-
erature (Fig. 5). Enthalpy variation by annealing at sol–gel
ransition indicates that �Hg–s 1 corresponds to gel–sol tran-
ition of a portion of hydrogel transformed from sol state during
nnealing, and also that �Hg–s 2 is attributable to a residual por-
ion of hydrogel after annealing (Fig. 6). The �Hg–s showed
hat the total amount of junction zone is constant, although the
raction of each portion can be varied by appropriate annealing.
t is also confirmed that the time of annealing is not a significant
actor in affecting the gelation (Fig. 7). Hydrogels having two
istinct junction zones could be prepared by annealing at a tem-
erature around gel–sol transition, which was observed as two
istinct endothermic peaks in heating curves after gelation.
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