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ABSTRACT: The rheological properties of agarose solu-
tions were examined under the effect of entanglement cou-
pling between agarose chains. Agarose solutions were
prepared by using an ionic liquid 1-butyl-3-methylimida-
zolium chloride as a solvent. The concentration of agarose
was varied from 1.1 � 101–2.1 � 102 kg m�3. The master
curves of the angular frequency (x) dependence of the
storage modulus (G0) and the loss modulus (G00) showed a
rubbery region in the middle x region and a flow region
at low x region, respectively. The molecular weight
between entanglements (Me) for agarose was calculated

from the plateau modulus. Moreover, Me for agarose melt
was determined to be 2.3 � 103 from the concentration de-
pendence curve of Me. By using well-known empirical
relations in polymer rheology, information on molecular
characteristics of sample agarose was derived. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 3023–3027, 2012
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INTRODUCTION

Agarose, a linear chain component of agar,1 is a
popular food additive due to the high gelation abil-
ity in aqueous systems.2–4 Recently, agarose has also
been used as an additive for pharmaceuticals5,6 and
cosmetics7–9 to improve the flow properties as well
as the physical properties of the products. Although
such applied uses of agarose are increasing, there
are hardly any studies on the fundamental chain
properties of this polysaccharide. So far the rheologi-
cal properties of agarose systems have been studied
in gels10,11 as well as in dilute solutions,12 but there
seem no data on the concentrated solutions. By
examining the rheological properties of concentrated
polymer solutions (or melts), it is possible to derive
the molecular weight between entanglements (Me),
an important chain property reflecting the chain
stiffness as well as a measure of how strong the
entanglement coupling occurs. To determine Me for
agarose and to compare the value with those of
other polysaccharides is interesting and important to
highlight the commonality and differentia among
the polysaccharides. Since agarose in water form a

gel even at rather low conditions, it is impossible to
prepare concentrated solutions of agarose as long as
water is used as a solvent.
Actually, we successfully prepared concentrated

solutions of another polysaccharide, gellan, by using
an ionic liquid 1-butyl-3-methylimidazolium chloride
(BmimCl), which is also known to dissolve cellu-
lose,13 as a solvent, and successfully investigated the
rheological properties in the concentrated region.14

Concerning agarose, until now there are no reports
on the solubility in BmimCl, but BmimCl is expected
to be potentially good for agarose and therefore con-
centrated solutions of agarose must be obtained in
the solvent BmimCl.
In this study, concentrated solutions of agarose

were prepared by using BmimCl. The values of Me

for several solutions differing in agarose concentra-
tion were determined from the dynamic viscoelastic-
ity. The value of Me for the melt of agarose was esti-
mated from the concentration dependence curve of
Me. and was compared with those of gellan and hy-
aluronic acid.

EXPERIMENTAL

A molecular biology grade of agarose (Research
Organics, USA) was used without further purifica-
tion. Figure 1 shows the chemical structure of aga-
rose: A repeating unit of agarose is composed of (1,
3)-b-D-galactopyranose and (1, 4)-3,6-anhydro-a-L-
galactopyranose.2 The solvent BmimCl with purity
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higher than 98.0% was purchased from Aldrich,
USA. According to the manufacturer’s data sheet,
the melting temperature (Tm) of the solvent BmimCl
was reported to be 70�C. Agarose solutions were
prepared as follows. Agarose was added to BmimCl
(preheated to melt) in a dry glass vessel and the
mixture was quickly stirred with a stainless spatula
on a hot plate at about 80�C. Then, the glass vessel
was sealed and was left on the hot plate at about
80�C for complete melting. The concentration of aga-
rose (c) was varied from 1.1 � 101 to 2.1 � 102

kg m�3, i.e., from 1 to 20 wt %. In c calculation, 1.0
� 103 kg m�3 was assumed for the density of aga-
rose, and 1.08 � 103 kg m�3 (at 50�C) was assumed
for BmimCl, which was obtained by picnometry in
the previous study.14 A fresh bottle of solvent was
used to prepare all solution samples and the viscoe-
lasticity measurements were made just after finish-
ing sample preparation, so that no special precaution
against moisture absorption was made.

Rheological measurements were carried out with
an ARES rheometer (now TA Instruments, USA)
with a cone-plate geometry under nitrogen atmos-
phere. The diameter of the cone and plate was 25
mm, and the cone angle was 0.1 rad. The angular
frequency (x) dependence of the storage and loss
moduli (G0 and G00, respectively) for the solutions
were measured with a strain amplitude (c) of 0.1 to
1 at the temperature (T) range of 20–120�C. The
value of c was determined so that the measurement
could be performed in the linear viscoelasticity
region; for example, c of 0.1 was employed for the
solution of c ¼ 2.1 � 102 kg m�3. The strain depend-
ence of G0 and G00 for this solution measured at x ¼
100 s�1 and T ¼ 120�C was shown in Figure 2. It is
seen that G0 and G00 are almost independent of c for
c < 0.2, which confirms that the measurement was
carried out in the linear viscoelasticity region.

Steady shear flow behavior as well as dynamic
viscoelasticity was also investigated for the pure sol-
vent BmimCl at a shear rate ( _c) of 0.1�100 s�1.

RESULTS AND DISCUSSION

Figure 3 shows log g0 for the pure solvent (BmimCl)
plotted against T�1 at T of 20–120�C. This T region
involves Tm of BmimCl (70�C). Dynamic viscoelastic-

ity measurements were made from high temperature
to low temperature side and thus obtained g0 data
are represented by the filled symbols. The open
circle in the figure stands for the data point obtained
from the steady flow experiment at 80�C, and agrees
well with the filled circle at the same T. We were
able to make dynamic measurements without prob-
lem even at lower temperatures than Tm, and

Figure 1 Chemical structure of agarose.

Figure 2 Strain dependence of G0 and G00 for the agarose
solution of c ¼ 2.1 � 102 kg m�3 measured at x ¼ 100 s�1

and T ¼ 120�C.

Figure 3 Plot of log g0 for BmimCl obtained from
dynamic viscoelasticity measurement against the reciprocal
of T. Value of log g0 from steady shear flow measurements
at 80�C is also plotted.
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obtained data show that g0 increase with increasing
T�1 (i.e., with decreasing T) although the relation
between log g0 and T�1 becomes nonlinear. This sug-
gests that the supercooling state of BmimCl is ‘‘sta-
ble’’ for a rather long time.14 For the agarose solu-
tions rheological measurements were made without
problem, as is the case of pure BmimCl.

In Figure 4 the x-dependence curves of G0 and G00

as well as the loss tangent (tan d; tan d ¼ G00/G0) for
the agarose solution of c ¼ 2.1 � 102 kg m�3 are
shown. These curves correspond to the so-called
master curves; here Tr is the reference temperature
and is set to be 80�C, and aT stands for the shift fac-
tor. As can be seen from the figure, the time-temper-
ature superposition principle well holds for the solu-
tion, and at low xaT G00 ! x, flow of the system, is
observed. In the middle xaT region (i.e., approxi-
mately at log xaT of 1 to 4), rubbery region originat-
ing from the entanglements of agarose chains
emerges. The plateau modulus (G0

N ) is an important
quantity characterizing G0 in the rubbery region. It is
well known that the rubbery region becomes a pla-
teau when the molecular weight distribution of a
polymer sample is monodisperse. This is why the
rubbery region is often called the rubbery plateau.
For the agarose used in this study, however, because
of the tilt G0 curve in the rubbery region the molecu-
lar weight distribution is probably polydisperse
rather than monodisperse although we have no in-
formation on the molecular characteristics and there-
fore cannot mention that quantitatively. For the tilt
curves, G0

N can be defined as the G0 value at x (or,
xaT) where tan d curve shows a minimum.14 On the

basis of this definition, the G0 curve in Figure 4 gives
G0

N ¼ 6.0 � 104 Pa. Because G0
N is related to the mo-

lecular weight between entanglements (Me; in g
mol�1) by using the gas constant R as

G0
N ¼ 103cRT

Me
(1)

we have Me ¼ 1.1 � 104 for the solution at c ¼ 2.1 �
102 kg m�3 (i.e., for the solution with G0

N ¼ 6.0 � 104

Pa). The T-dependence curve of aT is shown in Fig-
ure 5. At a given T the values of aT are almost iden-
tical regardless of c, and all data points in the figure
appear to fall on a single line. This is interesting
because the g0 curve for the pure solvent (Fig. 3)
deviates from the T-dependence of the Arrhenius
type.
Figure 6 shows the double-logarithmic plot of Me

against c. The line in Figure 6 is determined by the
best fit under the constant value of slope of �1. The
data points fall on the line. This means that the well
known relation for melts and concentrated solutions
of synthetic polymers,16–18 Me ! c�1, also holds for
the agarose solutions examined in this study. By
assuming the density of agarose to be 1.0 � 103

kg m�3, Me for the melts (Me,melt) can be determined
from the line in Figure 6, giving Me,melt of 2.3 � 103.
Taking the molecular weight of the repeating unit
(Munit) of 306 into account for agarose (Fig. 1), we
have Me,melt/Munit of 7.5. This means that the num-
ber of monosaccharide units (Nunit) between entan-
glements for melts is about 15 for agarose. Now, we

Figure 4 Log-log plot of G0 and G00 vs. xaT for the aga-
rose solution of c ¼ 2.1 � 102 kg m�3. Loss tangent tand is
also plotted against xaT. Plateau modulus G0

N can be deter-
mined as G0 at xaT where tan d curve shows a minimum.

Figure 5 Temperature dependence of shift factor used in
plotting master curves of G0 and G00 for the agarose solu-
tions of c of 1.1 � 102 to 2.1 � 102 kg m�3. Data are well
fitted by a single line.
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examine Nunit for melts of several polysaccharides,
although the data available are actually a few. The
values of Nunit for gellan14 and hyaluronic acid19 are
listed in Table I, together with that for agarose. The
value of Nunit for agarose is very close to those for
gellan and hyaluronic acid. It should be noted that
these three polysaccharides have the same chemical
structure of backbone, i.e., pyranose, but the sub-
stituents are different to each other. The backbone
structure might be a key factor to determine Nunit of
polysaccharides. Concerning the relation between
Me,melt and the chemical structure, Me,melt for aga-
rose is further compared with those of polyethylene
and polystyrene. Polyethylene is composed of a lin-
ear CAC backbone, whereas polystyrene has a rather
bulky substituent, i.e., a phenyl group, in each
repeating unit. Consequently, Me,melt of 1.8 � 104 for
polystyrene is much larger than that of 1.3� 103 for
polyethylene.15 Polysaccharides consisting of pyra-
nose units can be considered a bulky polymer but
Me,melt for agarose is close to that of polyethylene
rather than that of polystyrene. This suggests that
polysaccharide chains are uniquely flexible in terms
of Me,melt despite the bulky chemical structure,
although the reason for the small Me,melt cannot be
stated at the moment.

Using well-known empirical relations in polymer
rheology, we can derive information on molecular
characteristics. Figure 7 shows the double-logarith-
mic plot of g0�gs against c for the agarose dilute sol-
utions at 80�C. Here, gs stands for the viscosity of
BmimCl. The data points can be divided into two
regions, and the data in each region can be fitted by
a straight line. Because the slopes of the lines at low
and high c regions are 1.0 and 6.3, respectively, the
critical concentration (cc) for the entanglement for-
mation is determined as a concentration at the inter-
section, giving cc of 4.7 � 10 kg m�3. We can con-
sider that at this critical concentration an average
molecular weight of the specimen corresponds to the
critical molecular weight for entanglement formation
(Mc).

15,16 The value of Me for the agarose at cc was
5.0 � 104 from Figure 6. It is well known that Mc lies
between 2Me and 3Me. If we assume here Mc ¼ 2Me,
then we have Mc ¼ 1.0 � 105. This corresponds to
an average molecular weight of the agarose used in
this study.

CONCLUSION

The value of Me,melt for agarose was estimated to be
2.3 � 103 from the c-dependence of Me and was
compared with those values for gellan and hyal-
uronic acid. It was found that Nunit for agarose coin-
cides with those for gellan and hyaluronic acid.
These three polysaccharides have the same pyranose
backbone, suggesting that the backbone structure is
a key factor to determine Nunit of polysaccharides. It

Figure 6 Log-log plot of Me against c. Straight line is the
best fit with a slope of �1. Intersection at c ¼ 103 kg m�3

gives Me of agarose melt. Error bars for c ¼ 1.9 � 102 and
2.1 � 102 kg m�3 represent the standard deviation.

TABLE I
Comparison of Nunit for Polysaccharide Melts

Nunit

Agarose 15
Gellan 14
Hyaluronic acid � 10

Figure 7 Log-log plot of g0 against c. Data points at low
and high c regions are fitted by straight lines with the
slope of 1.0 and 6.3, respectively. Concentration at the
intersection corresponds to cc.
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was also found that polysaccharide chain has a small
Me,melt in spite of the bulky chemical structure. The
molecular weight of agarose used in this study was
also estimated to be 1.0 � 105 from the c-dependence
of g0�gs.
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