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ABSTRACT: The cascade model for mixed gels developed
by the author in a previous work is extended to describe the
temperature-dependent gel properties. The equilibrium con-
stant of the association between component polymers is
assumed to depend on temperature via a van't Hoff-type
equation. The temperature variation of the network struc-
ture and gel modulus is presented and discussed at different
parameters such as enthalpy change per crosslink AH®, en-
tropy change per crosslink AS°, functionality ratio s, and
concentration ratio r. It is demonstrated that the model
agrees reasonably well with the experimental data obtained
from the rheological gelling for galactomannan/xanthan
and glucomannan/xanthan mixed gels. However, the result-
ing model parameters are not consistent with those obtained
from the concentration dependence study. A further inves-

tigation on the calorimetric thermogram of the glucoman-
nan/xanthan mixed gel reveals that the gelling process in-
volves an association reaction followed by a structural rear-
rangement, which is beyond the scope of this work. Finally,
the cascade model is shown to be consistent with the El-
dridge—Ferry equation. It is also demonstrated that the sol-
gel behavior of the galactomannan/xanthan mixed gel fol-
lows the Eldridge-Ferry relationship, but the calculated
melting enthalpy is composition-dependent, contrary to the
assumption made in the cascade model. This discrepancy is
due to the self-association of xanthan when xanthan is
present in excess amounts. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 102: 663-673, 2006
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INTRODUCTION

The interaction between two different polymers in
solutions may result in an enhancement in rheological
properties or gel strengths. Because of its importance
in practice, multicomponent polymer gels have at-
tracted the interest of many researchers for the last
two decades. For example, in the food industry, it is
well-known that galactomannan can interact with xan-
than in solutions to form a gel." It has been proposed
that the gel network is formed via the synergistic
binding between xanthan and the galactose-free man-
nan segment.” Another example relating to this prob-
lem is the increase in gel strength of gelatin gels when
adding small amounts of gellan.’ The gel network has
been suggested to be composed of a continuous gellan
phase and a discontinuous gelatin filler.* In medical
science, a combination of polymers is often used in the
formulation of drug delivery systems to improve gel-
ling properties. For example, a Pluronic-based solu-
tion, used as a gelling vehicle for ophthalmic drugs,
shows a significant increase in viscosity when alginate
is added.> An aqueous solution containing polyacrylic
acid and hydroxypropyl methylcellulose, which is for-
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mulated to reduce the amount of highly acidic poly-
acrylic acid, undergoes a sol-gel phase transition un-
der physiological pH conditions.® Despite the success
in tailoring the rheological properties of drug delivery
systems, the interaction between different polymers in
these systems is still poorly understood. An under-
standing of the interaction pattern and its relationship
to the gelling properties is therefore of importance
both in engineering practice and scientific research.
The simplest scheme for the interaction between
component polymers in a two-component physical gel
involves only the noncovalent association of segments
of the two polymers. The gel network generated in this
way is called a coupled network.” In our previous
article,® we discussed the gel modulus and the gel
point of a coupled network. We assumed that the
interaction between the two components follows a
pairwise reaction at equilibrium and the network
structure is described by a cascade model.” The con-
centration dependence of gel modulus was shown to
be a function of functionalities (number of functional
groups in a polymer chain), the equilibrium constant
of the pairwise reaction, and the front factor (a mea-
sure of deviation from ideal rubber elasticity). We also
showed that the concentration ratio and the function-
ality ratio of the two components play a key role in
determining the gel modulus. Therefore, a mixed gel
system can be characterized by the variation of the gel
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modulus and the gel point with respect to the concen-
tration ratio, and it was demonstrated that the model
parameters could be obtained from the experimental
data of gel moduli or gel points measured at a series of
concentration ratios. These parameters are helpful in
predicting the gelling properties of a two-component
polymer gel, and in throwing light on the nature of the
interaction pattern and the resulting network struc-
ture.

In addition to the aforementioned concentration de-
pendence of gel properties, the temperature depen-
dence of gel properties is also of great importance for
physical gels. Physical gels are usually thermorevers-
ible, since the crosslinks are formed through weak
interactions, where the binding energy is of the order
of thermal energy. Therefore, on heating, thermor-
eversible gels undergo a sol-gel transition. For single-
component thermoreversible gels, the concentration
dependence of the melting temperature has been mod-
eled by the Eldridge-Ferry equation.'” The modulus
of physical gels also varies significantly as tempera-
ture changes. In some recent publications,'"!? the tem-
perature dependence of gel modulus of single-compo-
nent physical gels was analyzed based on a cascade
model, and the nature of network junctions was dis-
cussed in terms of the parameters of the model.

The aim of this study is to extend the cascade anal-
ysis of coupled two-component physical gels to in-
clude the effect of temperature. First, the temperature
dependence of the network structure and gel modulus
is examined by assuming that the temperature depen-
dence of the equilibrium constant follows a van’t Hoff-
type relation. Second, the applicability of the El-
dridge-Ferry equation to two-component thermor-
eversible gel systems is justified, and its relationship
with the cascade model is discussed. Finally, experi-
mental data, including the temperature dependence of
gel modulus and sol-gel phase diagrams, are used to
demonstrate the validity of this temperature depen-
dence approach.

CASCADE MODEL

In our previous study, the cascade model for a cou-
pled two-component polymer gel was developed
based on a simple interaction scheme®: The junction
zones of gel networks are formed via the interaction
between the crosslinking sites of two different poly-
mers:

A + B < AB (1)

The two polymers of molecular weights M, and Mj
carrying functionalities f, and f; are mixed with a
concentration ratio ¥ (= Cz/C,). Thus, the conversions
of the two kinds of crosslinking sites a, and aj can be
obtained from the equilibrium equation:

MAO

ay

~ (Co / Me)fo(l — an)(1 — ap) (2)

K

where K is the equilibrium constant. If one assumes
that the temperature dependence of the equilibrium
constant obeys the van’t Hoff-type relation, K can be
written as a function of temperature in terms of the
enthalpy change and entropy change per crosslink."

AS®  AHP
) 3)

K= eXp(R T RT

Equations (2) and (3) together determine the temper-
ature dependence of ay and op.

The structure of gel networks in the cascade theory
is modeled by a branching process, which is charac-
terized by an extinction probability, representing the
probability of a link becoming extinct. For a two-
component polymer gel, there are two extinction prob-
abilities, v, and vg, and the solution of them is cou-
pled:

va=(1—au+ aAUB)fA_l (4a)
vp=(1—op+ OLBUA)/{V1 (4b)

Since a, and ap are temperature dependent, eq. (4)
allows the calculation of v, and vy as a function of
temperature.

In the cascade model, the elasticity of polymer gels
is proportional to the number of elastically active net-
work chains (EANCs) emanating from a repeating
unit (a polymer chain for physical gels).'*'> Once the
conversions and extinction probabilities are deter-
mined, the number of EANCs for the two polymers
N,4 and N can be calculated by the following equa-
tions:

1
Ny = EanA(l —vp)[1 — v,

—(fa = Dooa(l —0g) / (1 — @y + ayvp)]  (5a)

1
N = Efsas(l — o[l — v

—(fs — Dagup)(1 —v4) / (1 — ag + a5v,)]  (5b)

Consequently, N,, and N,z are also a function of tem-
perature. It is noted that for chemical gels, the number
of EANC:s is fixed and considered to be temperature-
independent.

TEMPERATURE DEPENDENCE OF
CONVERSION, EXTINCTION PROBABILITY,
AND NUMBER OF EANCS

The temperature dependence of the network structure
of a physical gel can be calculated from egs. (2)—(5).



TEMPERATURE-DEPENDENT GEL PROPERTIES OF MIXED GELS 665

Equation (3) reveals that AH ° and AS° are key param-
eters in determining the temperature effect. Thus,
knowledge of the range of AH° and AS°® is essential in
applying eq. (3).

The value of AH® in the self-association reaction for
a single-component physical gel is often obtained
from the sol-gel phase diagram, using the Eldridge—
Ferry plot as the melting enthalpy per crosslink. The
reported melting enthalpies vary over a wide range,
from a large value of 1300 k] /mol for agarose gels'® to
a value less than 10 kJ/mol for polystyrene gels and
nitrocellulose gels.'”'®

In contrast to the abundant literature on the en-
thalpy for physical crosslinks, the entropy in a
crosslink is less reported. One way to estimate the
entropy is to fit the gel modulus curve in a tempera-
ture sweep, using the cascade model. For example,
AH® and AS° for locust bean gum gels have been
estimated to be —99.6 k] /mol and —0.201 kJ/(mol K),
respectively, from a rheological meltdown curve.'!
The minus sign of AS°® indicates an entropic cost as a
consequence of degrees of freedom of motion lost
when crosslinking occurs. This phenomenon is known
as the enthalpy—entropy compensation.’ It is noted
that these values obey the linear correlation between
enthalpy and entropy observed for the associations of
low-molecular-weight molecules in solution'?:

()

m ~ 1.59 (6)

In this section, the temperature variation of the net-
work structure is discussed based on this correlation,
and cases with the enthalpy—-entropy ratio other than
1.59 are also examined.

Figure 1 shows the temperature dependence of con-
version, extinction probability, and the number of
EANC:s for two-component physical gels under differ-
ent dimensionless enthalpy—entropy ratios. All the
calculations are performed based on a total polymer
concentration of 10 g/L, a functionality of 50 and a
molecular weight of 2 X 10° for both polymers, and
the concentration ratio and functionality ratio are set
to be unity (curves of both polymers thus overlap). To
make N,, and N,z comparable, the value of N, is
normalized by f. It can be seen that the conversion
decreases with increasing temperature and decreasing
enthalpy-entropy ratio because of a decrease in equi-
librium constant. Extinction probability, on the other
hand, is negligibly small, but as temperature increases
near the sol-gel transition temperature (curves at
lower enthalpy—entropy ratios), it becomes significant
and reaches a value of unity above the transition tem-
perature. Consequently, though the temperature de-
pendence of the normalized N, generally follows the
temperature dependence of the conversion curve, it
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Figure 1 Conversion, extinction probability, and N,/f as a
function of temperature at different dimensionless enthal-
py—entropy ratios with f, = f; = 50, r = 1, and AH°/300R
= —40. Upper plots, conversion (solid curves) and extinction
probability (dotted curves); lower plots, N, /f.

becomes zero above the transition temperature, re-
gardless of the value of conversions, because of the (1
— v) term in eq. (5).

Our previous study has shown that the network
structure of a two-component polymer gel is strongly
dependent on the functionality ratio s (= fz/f,) and the
concentration ratio r (= Cg/C,). It is thus of interest to
examine the temperature-dependence curves at differ-
ent functionality ratios and concentration ratios. Fig-
ure 2 demonstrates the effect of functionality ratio on
the temperature dependence of conversion, extinction
probability, and the number of EANCs at fixed AH®
and AS°. In the case where functionality ratios are
other than unity, the temperature dependence curves
are split into two separate curves for polymer A and B,
respectively. When the functionality ratio is higher
than unity, there is a higher opportunity for functional
groups A to react; thus, the curves for a, and N,,/f4
are higher than those for ap and N,/f3, and vice versa.
It is also noted that, when s = 1 or 10, the extinction
probabilities are essentially zero, whereas when s
= 0.1, they become significant because of the relatively
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Figure 2 Conversion, extinction probability, and N,/f as a
function of temperature at different functionality ratios with
fa = 50, r =1, AH°/300R = -40, and AH°/300AS° = 1.6.
Upper plot, conversion (solid curves) and extinction proba-
bility (dotted curves); lower plot, N, /f.

low value of f;. The increase in extinction probabilities
ats = 0.1 causes a more rapid drop in N,/f as temper-
ature increases.

Figure 3 shows the effect of concentration ratio on
the temperature dependence curves. Similar to the
effect of functionality ratio, the deviation of concen-
tration ratios from unity causes a splitting of the tem-
perature dependence curves into two. Similarly, when
the concentration ratio is higher than unity, there is a
higher opportunity for functional groups A to react,
leading to higher values of a, and N, ,/f4. The curves
for r < 1 are not shown because they overlap with
those for > 1. For example, the curves for r = 0.1 are
identical with those for r = 10, but the labels for A and
B are switched. It is noted that in Figure 3, the value of
extinction probabilities is zero or very small; thus, the
temperature dependence of N,/f generally follows the
trend of a.

TEMPERATURE DEPENDENCE
OF GEL MODULUS

One of the characteristics of a gel is its elasticity, which
can be measured as gel modulus using a rheometer. In

MAO

the cascade model, the gel modulus G for a two-
component polymer gel can be expressed in terms of
the algebraic sum of the number of elastic active
chains for each individual component®:

G = aRT[NeA(CA/MA) + NeB(CB/MB)] (7)

where a is the front factor, an empirical parameter
representing the deviations from the ideal rubber elas-
ticity. For an ideal rubber, eq. (7) implies that gel
modulus is proportional to temperature because N, is
temperature-independent. On the other hand, for
physical gels, N, varies with temperature such that gel
modulus is a complex function of temperature. Equa-
tion (7) also implies that gel modulus vanishes when
both values of N, become zero. This occurs as temper-
ature increases beyond the sol-gel transition temper-
ature for a thermoreversible gel. The lowest tempera-
ture of zero modulus denotes the melting point (or the
gel point) of a thermoreversible gel (practically the
melting point is determined as the intersection of stor-
age and loss moduli®®). The effect of AH®, AS°, func-
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Figure 3 Conversion, extinction probability, and N,/f as a
function of temperature at different concentration ratios
with f, = fz = 50, AH°/300R = -40, and AH®/300AS° = 1.6.
Upper plot, conversion (solid curves) and extinction proba-
bility (dotted curves); lower plot, N, /f.
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Figure 4 Temperature dependence of G at different dimen-
sionless enthalpy-entropy ratios with f, = fz = 50, r = 1,
and AH°/300R = —40.

tionality ratios, and concentration ratios on the tem-
perature dependence of gel modulus is examined, and
the applicability of eq. (7) to experimental rheological
data is discussed here.

Figure 4 shows the temperature dependence of gel
modulus at different dimensionless enthalpy—entropy
ratios. All the parameters are identical to those used in
Figure 1. In comparison with Figure 1, it can be seen
that the G versus T curves follow the temperature
dependence of N, /f, as expected in eq. (7). However,
when N, is weakly dependent on temperature (curve 1
at low temperatures), the RT term in eq. (7) dominates,
showing an ideal rubber behavior (i.e., gel modulus is
proportional to temperature). In this case, the gel does
not experience a sol-gel transition within the temper-
ature range studied, showing the characteristics of a
thermoirreversible gel. At the other extreme (curve 3),
the thermal variation of N, determines the tempera-
ture dependence of G and a melting point can be
observed (G = 0), showing the characteristics of a
thermoreversible gel. Between these two extremes, a
maximum value of gel moduli can be found in the G
versus T curve. It should be noted that in some cases,
although the cascade model predicts the existence of a
melting point at high temperatures, practically the
polymer may pyrolyze before the temperature reaches
the melting point.

For a two-component polymer gel, its gel properties
can be characterized by the concentration ratio depen-
dence. Figure 5 illustrates the effect of concentration
ratio on G versus T curves at different functionality
ratios. Unless otherwise specified, the parameters are
identical to those used in Figures 2 and 3. It can be
seen that when the functionalities for both polymers
are identical [Fig. 5(a)], the gel modulus has the high-
est value at ¥ = 1 and the G versus T curves with
reciprocal r values overlap each other. On the other
hand, when functionality ratios are other than unity,

the largest value of moduli may not occur at r = 1 and
the temperature dependence of G behaves differently
at different concentration ratios. For example, at s
= 0.1 [Fig. 5(b)], a high r value gives rise to high
modulus at low temperatures, but the decrease in
modulus as temperature increases occurs earlier and
faster. This feature suggests that estimating the func-
tionality ratio of a two-component physical gel can be
achieved by examining the experimental G versus T
curves at several r values.

Next, the experimental G versus T data for two-
component physical gels are investigated to demon-
strate the applicability of the cascade model. The ga-
lactomannan/xanthan mixed gel is one of the most
extensively studied two-component systems because
of the distinct synergistic interaction between the two
polysaccharides.”’** It is known that the junction
point of its gel network is formed via the interaction of
one segment of unsubstituted mannan with another
segment of xanthan.”’*® This interaction model satis-
fies the assumption of eq. (1). Goycoolea et al.** have
measured the concentration dependence and temper-
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Figure 5 Temperature dependence of G at different con-

centration ratios with a = 1, f, = 50, AH°/300R = -40, and
AH°/300AS° = 1.6. (a) s = 1; (b) s = 0.1.
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Figure 6 Testing of the temperature dependence of gel
modulus using eq: (7) for two-component gels (data from
Goycoolea et al.**). (a) 0.1% (w/v) deacetylated xanthan
mixing with different concentrations of locust bean gum; (b)
0.24% (w/v) konjac glucomannan mixing with different con-
centrations of deacetylated xanthan.

ature dependence of gel modulus for the galactoman-
nan/xanthan system and the glucomannan/xanthan
system at different concentration ratios. In our previ-
ous study,® we have analyzed the concentration de-
pendence of gel modulus for these gels and have
shown that the cascade model can be successfully
applied to describe these data. In this study, the tem-
perature dependence data are analyzed using the
aforementioned temperature dependence equations.

Figure 6 shows the rheological cooling data re-
ported by Goycoolea et al.** for locust bean gum
(LBG)/deacetylated xanthan (XG) mixed gels and
konjac glucomannan (KM)/XG mixed gels at different
concentration ratios. It is noted that the total polymer
concentration in the data of Goycoolea et al. is not
fixed. Therefore, the gel modulus variation with re-
spect to changes in the composition may be simply
due to changes in the total polymer concentration.
Nevertheless, the gel modulus for both mixed gels
shows strong temperature dependence, similar to that
predicted by the cascade model.

MAO

To obtain the parameters of the cascade model, a
nonlinear least-squares computer program is devel-
oped to curve fit the experimental data in Figure 6
using eq. (7). The Levenberg-Marquardt algorithm®
was utilized in this program to optimize the parame-
ters 2, AH®, and AS ° at fixed values of f, and f3 by
minimizing the object function:

X' = 2(InGP® — InGr™y? (8)

The other two parameters, f, and fg, because of their
discrete nature, have to be found using a direct search
method. Thus, executing the program generates a ta-
ble of minimized x* for a discrete set of f, and fj.
Furthermore, it is assumed that the molecular weight
of each polymer is 10°. All the data sets with different
compositions are fitted simultaneously by the pro-
gram, and to reduce the regression time, only a subset
of data points is used.

The optimized value of the object function for each
system as a function of component functionality is
shown in Figure 7. It can be seen that the minimum of
the object function occurs at high functionalities. The
cascade parameters at high functionalities are thus
given here and discussed in detail for each system.

Table I lists the fitting parameters of the cascade
equation at some sets of high functionalities for
LBG/XG mixed gels. It is evident that x* has a mini-
mum around fyg = 300. On the other hand, the best
value of f; g cannot be determined without ambigu-
ity, since x* values are almost identical for f; 5 greater
than 300. If the parameter set of f;zg = 500 and fxg
= 300 is used in the cascade model, it can be found
that the resulting curves (solid curve in Fig. 6(a)) agree
excellently with the experimental data. Two features
of the parameter set of figg = 500 and fyg = 300
should be noted. First, the dimensionless enthalpy-
entropy ratio has a value of 1.15, which does not obey
eq. (6). Second, the value of front factor is much less
than unity.

In addition to the above features, two questions
arise regarding these high functionalities. First, the
best-fit parameters are in disagreement with those
obtained from the concentration dependence of gel
modulus.® For example, the values of functionality
(fuee = 500 and fyg = 300) are much higher than those
obtained from the concentration dependence data
(fuee = 30 and fx = 50). Second, these high function-
alities do not seem to be compatible with the polymer
structure. LBG is a galactomannan consisting of a
manann backbone branched with galactose units with
a mannose to galactose ratio of approximately 4:1.%°
Dea et al.”” have proposed that the interaction of LBG
with other polysaccharides occurs in the LBG segment
with more than six consecutive galactose-free man-
nose units. In comparison with the theoretical distri-
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(b}

Figure 7 The object function x* as a function of function-
alities obtained by fitting the data of Figure 6 using eq. (7).
(a) LBG/XG mixed gels; (b) KM/XG mixed gels.

bution of galactose-free mannan segments, the value
of figg = 500 is comparable to that with more than
three consecutive galactose-free mannose units, which
is much larger than that obtained according to the
model described by Dea et al. On the other hand, the
value of fyg = 300 corresponds to a ratio of one
functional group for every three repeating units (the
repeating unit of XG consisting of five sugar residues
and substituents®) along the polymer main chain.
This ratio seems impractically high. These two incon-
sistencies suggest that the functionalities obtained
from the rheological cooling data for LBG/XG mixed
gels may be overestimated. A possible explanation for

TABLE 1
Fitting Parameters of the Cascade Equation
for LBG/XG Mixed Gels

—AH° —AS°
fise  fxe a (kJ/mol)  (kJ/(K mol)) X
1000 300  0.111 123 0.361 2.00
800 300  0.114 123 0.358 2.00
500 300  0.113 124 0.358 2.04
300 300 0.120 124 0.354 2.14
1000 800  0.075 127 0.382 2.32
1000 500  0.091 125 0.371 2.06
1000 100  0.185 118 0.336 3.01

the high functionalities is that the rheological gelling
process may involve mechanisms other than the asso-
ciation between component polymers, such as a struc-
tural rearrangement (see below for KM/XG mixed
gels), which is not included in the cascade model.

For KM /XG mixed gels, some of the best-fit param-
eter values are listed in Table II. It can be seen that x*
has a minimum value around fi,; = 1000, whereas the
x> values are almost identical at fyg = 300 and 500. If
the parameter set of fi; = 1000 and fyg = 300 is used
in the cascade model, the resulting curves [solid
curves in Fig. 6(b)] agree fairly with the experimental
data. It is noted that the deviation between the model
curves and data points becomes significant at low
temperatures.

Again, the high functionalities seem to be question-
able on a molecular basis. To evaluate the validity of
the model parameters, a heat output profile as a func-
tion of temperature is generated using the cascade
model and compared with an experimental differen-
tial scanning calorimetry (DSC) thermogram. Figure 8
displays the experimental cooling thermogram re-
ported by Goycoolea et al.** and the calculated heat
output based on the parameter set of fi; = 1000 and
fxg = 300. The DSC thermogram has a peak temper-
ature of £330 K, higher than that obtained from the
cascade model, followed by a slight shoulder at lower
temperatures. It is noted that the position of the shoul-
der is roughly coincident with the calculated peak

TABLE 1II
Fitting Parameters of the Cascade Equation
for KM/XG Mixed Gels

—AH® —AS° —AH
fou fxo @ (d/mol) (KI/(Kmol) ¥ (/g XG)
1000 300 0.025 350 1.03 7.23 105
800 300 0.025 354 1.05 7.26 106
500 300 0.025 366 1.08 7.44 110
300 300 0.029 351 1.03 10.4 105
1000 800 0.010 388 1.15 8.75 310
1000 500 0.015 376 1.11 7.21 118
1000 100 0.071 286 0.84 8.37 29
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Figure 8 Comparison of the heat flow obtained from the
DSC cooling scan (data from Goycoolea et al.>*) and the heat
output derived using the cascade model for KM/XG mixed
gels (0.2% (w/v) konjac glucomannan mixing with 0.1%
(w/v) deacetylated xanthan). Solid curve, the DSC cooling
scan; dotted curve, the heat release curve generated using
the parameters fi,, = 1000, fxg = 300, ~AH® = 350 kJ/mol,
and -AS° = 1.03 kJ /(K mol).

temperature. The difference between these two curves
is apparent.

An interpretation of the DSC thermogram is that the
major peak is associated with the formation of
crosslinks between KM and XG, while the shoulder is
associated with a structural rearrangement. A compar-
ison of Figures 6(b) and 8 suggests that the buildup of
elasticity primarily occurs during the structural rear-
rangement period, rather than the crosslink formation
period. Since the current cascade model deals only
with the crosslinking process, the resulting cascade
parameters may be misleading. Moreover, the pres-
ence of a significant structural rearrangement leads to
a large x* value when compared with that for the
LBG/XG mixed gel.

Another discrepancy is the enthalpy of gelation AH.
A AH value of approximately —30 J/g of XG was
obtained (Figure 8) by Goycoolea et al.,** whereas the
parameter set of fi; = 1000 and fyg = 300 results in a
AH value of -105 J/g of XG, 3.5 times higher than the
experimental value. Interestingly, the parameter set of
fiem = 1000 and fyg = 100 yields a AH value of -29 /g
of XG, comparable to the experimental value. It ap-
pears that in terms of thermal behavior, the parameter
set of fipy = 1000 and fy = 100 gives the best result
(see Table II).

For the LBG/XG mixed gel, unfortunately, the DSC
thermogram is featureless and no comparison can be
made. However, it is reasonable to assume that a
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minor structural rearrangement may exist for the
LBG/XG mixed gel during cooling, since gels are
formed with similar interaction patterns for both sys-
tems. This may explain the unusual model parameters
discussed previously.

It can be concluded that the cascade model can be
used to approximate the rheological gelling data for
LBG/XG mixed gels and KM/XG mixed gels. How-
ever, care must be taken in interpreting the physical
meaning of the model parameters, especially when the
thermal process involves a mechanism other than the
association between component polymers.

SOL-GEL PHASE DIAGRAM

For a thermoreversible gel, it undergoes a sol-gel
transition at elevated temperatures. The concentration
dependence of the melting temperature T,, for a sin-
gle-component thermoreversible gel can be described
by the Eldridge-Ferry equation':

oInC _ AH,
i1/T,) " R ©)

where AH,, represents the melting enthalpy of
crosslinks. The value of AH,, can be obtained from a
plot of In C versus 1/T,,,.

In the cascade model, when the temperature depen-
dence of the equilibrium constant is assumed to follow
the van’t Hoff-type relation, the critical condition can
be reduced to the Eldridge—Ferry equation. This can be
shown as follows. Taking the derivative of eq. (3) with
respect to temperature leads to the van’t Hoff equa-
tion:

oInK B AH° oln K _ AH°
oT  RT2%9(1/T) R

(10)

At the critical point (sol-gel transition), the equilib-
rium constant is related to the critical concentration by
the following expression®:

_M¢-1)

S a

Since M and f are temperature-independent, the de-
rivative of In K with respect to temperature is thus
equal to the minus derivative of In C:

aan_ dln C
oT —  oT

(12)

Inserting eq. (12) into eq. (10) yields the Eldridge-
Ferry expression, in which AH® is set to be equal to
AH,,.
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Figure 9 Dependence of T,, on concentration for LBG/XG
mixed gels at different concentration ratios. The inset shows
T,, versus concentration data for XG gels.

For a two-component thermoreversible gel, the
equilibrium constant is also inversely proportional to
the critical concentration®:

(T+7r)a oMy
k= rCfp(1—ap0)(1—ao) (13)

where a,4 and ap, represent the critical conversions.
Since ay, and ap, are also temperature-independent,
eq. (12) is still valid, and the Eldridge-Ferry equation
can be used without modification to model the sol-gel
transition of a two-component thermoreversible gel.
In what follows, the LBG/XG mixed gel is re-exam-
ined to demonstrate the applicability of the Eldridge—
Ferry equation to two-component systems. The mixed
gel was prepared via mixing LBG (Sigma, St. Louis,
MO) and XG (Aldrich, Milwaukee, MI) at room tem-
perature in deionized water and then heating to 85°C
for 30 min. A mannose/galactose ratio of 3.28 for LBG
was determined by the alditol acetate method.*® The
molecular weights of LBG and XG are 1.69 X 10° and
9.80 X 10°, respectively, estimated from the Mark—
Houwink equation.’’** The melting temperature for
the mixed gel of a fixed concentration ratio was deter-
mined by the “test tube upside-down” method™ at
different polymer concentrations. The test tube was
immersed in a water bath, where the temperature was
allowed to rise at a rate of 1 K/min approximately.
Figure 9 shows the sol-gel phase diagram of
LBG/XG mixed gels at different concentration ratios.
The gel melting point increases with increasing poly-

mer concentration, a behavior typical of a thermor-
eversible gel. It can be seen that the change in concen-
tration ratio does not significantly affect the concen-
tration dependence of T,,. At low C;pg/Cxg ratio, T,
becomes slightly more concentration-dependent (a
higher slope of the sol-gel curve). Since it has been
demonstrated in the previous study® that the weak gel
behavior of XG becomes significant at high XG con-
tent, the sol-gel phase diagram of XG weak gels was
also determined, as shown in the inset of Figure 9. The
sol-gel curve of XG gels is different from those of
LBG/XG mixed gels in two ways: the curve is more
concentration-dependent, and the formation of XG
gels requires higher polymer concentrations. The ef-
fect of aging was evaluated by allowing some gels to
age at room temperature for a week. The resulting gel
melting points were almost unchanged. Thus, the
equilibrium assumption in the Eldridge-Ferry equa-
tion is satisfied.

To test the applicability of the Eldridge—Ferry equa-
tion to two-component thermoreversible gels, the data
in Figure 9 are replotted in terms of In C versus
1000/T,, in Figure 10. The Eldridge—Ferry plot shows
a fairly linear relationship and the melting enthalpy
can be calculated from the slope of the plot. The re-
sulting values of AH,, are listed in Table III. It can be
seen that at high C;gs/Cxg ratio the Eldridge-Ferry
plots almost overlap each other and give a AH,, value
of approximately —80 kJ/mol. The slope of the plot
becomes less steep at low C;pg/Cxg ratio, thus lead-
ing to a less negative AH,,; for example, at C; g5/ Cxg

InC

3.0 3.1 3.2
1000/T, (K")

Figure 10 Eldridge-Ferry plots for LBG/XG mixed gels at
different concentration ratios. The inset shows the Eldridge—
Ferry plot for XG gels.



672
TABLE 111
Melting Enthalpies for LBG/XG Mixed
Gels and XG Gels
Sample Ciec/Cxq -AH,, (kJ/mol)

LBG/XG 4 80
LBG/XG 2 87
LBG/XG 1 75
LBG/XG 0.5 67
XG 0 14

= 0.5, AH,, has a value of —67 kJ/mol. As for XG gels,
the slope becomes much flatter, having a AH,, value of
—14 kJ/mol.

It is noted that the magnitude of AH,, obtained from
the sol-gel phase diagram is somewhat lower than the
that of AH® estimated from the G versus T curves. This
difference may be due to two reasons. First, the rheo-
logical gelling curve may be complicated by a struc-
tural rearrangement. Thus, the AH® value does not
reflect the enthalpy change of the association between
component polymers. Second, since the gel modulus is
measured according to the ability of a gel to restore its
original dimensions, whereas the “test tube upside-
down” method is developed based on the ability of a
gel to support its own weight under gravity, the gel
network probed by these two methods may not be the
same.

Another issue is that the derivation of eq. (9) from
the cascade model implies that the enthalpy change is
concentration-ratio independent. However, the plot of
AH,, as a function of concentration ratio, as shown in
Figure 11, indicates that the assumption of concentra-
tion-ratio independence is probably valid at high
Crpa/ Cxg ratio, but fails at low C; g5/ Cxg ratio, where
the magnitude of AH,, seems to drop toward the lim-
iting value at Cipg/Cxg = 0 (XG weak gels). The
change in AH,, is certainly due to the gradual domi-
nation of network junctions by the self-association of
XG at low C;pg/Cxg ratio. However, the current
model does not include the self-association of XG, and
eq. (9) is derived based on a single reaction scheme.
For these reasons, AH,, obtained from the Eldridge-

Ferry plot must be considered as a semiempirical pa-
rameter, which depends on the effect of the self-asso-
ciation of XG. At the two extremes, the physical mean-
ing of AH,, is clear: at C;p/Cxg = 0, AH,, represents
the melting enthalpy for XG gels, and at C; 3/ Cxg —
©, AH,, is simply related to the association between
LBG and XG. The decrease in magnitude of AH,, be-
tween the two extremes indicates that the contribution
of the self-association of XG on the gel network be-
comes increasingly significant.

CONCLUSIONS

The temperature dependence of gel properties of two-
component physical gels can be described by a simple
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cascade model. It is assumed that the temperature
dependence of the equilibrium constant for the asso-
ciation between component polymers follows the
van’t Hoff-type relation. Since conversions and extinc-
tion probabilities, which determine the network struc-
ture, can be calculated with the knowledge of the
equilibrium constant, the temperature dependence of
a gel network as well as its elasticity can be estimated.
It is found that the G versus T curve is strongly af-
fected by the values of AH® and AS° such that the
system may be thermoreversible or thermoirrevers-
ible. For thermoreversible mixed gels, the solution of
the cascade equation under critical conditions com-
bined with the van’t Hoff equation can be reduced to
the Eldridge-Ferry equation. It is also demonstrated
that the Eldridge-Ferry equation can be used to model
the sol-gel phase diagram of a two-component ther-
moreversible gel.

The rheological gelling data for galactomannan/
xanthan and glucomannan/xanthan mixed gels were
used to demonstrate the applicability of the cascade
model. The parameters of the cascade model were
obtained from the experimental data using a nonlinear
curve fitting method. Though the resulting model
curves agree fairly with the experimental data, the
physical meaning of these parameters is questionable.
The major problem encountered in justifying the val-
ues of the model parameters for the two systems is
that the gelling process may involve a structural rear-
rangement, which probably determines the gel mod-
ulus of both mixed gels. However, since the detailed
mechanism of the structural rearrangement is not
clear yet, it is not feasible to incorporate it into the
model.

100
0
O
g
E f
5 50+F ‘
. g
T !
b !
o)
D 1 1 1 1 L
0 1 2 3 4
Gl Ca

Figure 11 Dependence of the melting enthalpy of LBG/XG
mixed gels on concentration ratio.
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Despite this problem, it is concluded that the cas-
cade model can be used to approximate the tempera-
ture dependence of the gel modulus of a two-compo-
nent physical gel. The Eldridge-Ferry equation is also
successful in modeling the sol-gel behavior of a two-
component thermoreversible gel. Nevertheless, care
must be taken in interpreting the results. A compari-
son with the cascade analysis of concentration depen-
dence data is recommended. To justify the resulting
parameters, it is also recommended to perform an
auxiliary experiment, such as a calorimetric experi-
ment.
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