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Abstract

The validity of the original Flory–Huggins theory was examined in terms of predicting molecular miscibility in carbohydrate polymers
using dextrans as model system. The solubility parameter of the monomeric unit of dextran was calculated from two different group
contribution methods using the molecular structure. A predictive methodology to calculate the solubility parameters of dextrans with
different molecular weights as a function of their glass transition temperatures was presented, with an inverse relationship between molec-
ular weight and solubility parameter. The calculated solubility parameters were then used to predict the free energy of mixing two dex-
trans with molecular weights of 1000 and 2,000,000. The Flory–Huggins theory was demonstrated to be unsatisfactory for predicting
miscibility in carbohydrate systems since it underestimates the presence of strong specific intermolecular interactions, such as hydrogen
bonds, which may enhance the actual miscibility in such systems and which should be handled by more advanced thermodynamic
models.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Understanding of molecular and thermodynamic basis
for miscibility/immiscibility in food polymer systems is crit-
ical for the process conditions, final texture, palatability
and stability of products with multiple ingredients. Funda-
mental knowledge on the compatibility between food poly-
mers would enable a priori rules for molecular miscibility
between components, which would result in selection of
appropriate set of ingredients for a food product with the
desired quality attributes and stability. The ability to apply
quantitative thermodynamic models that can predict misci-
bility/immiscibility in synthetic polymers to the more com-
plex carbohydrate polymers would enhance the state-of-art
in food polymer science, which would lead to development
of carbohydrate replacement strategies, the development of
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new carbohydrate food systems and for quality improve-
ment of the existing food products.

According to the thermodynamics of mixing, the first
condition for miscibility of one component in another is
obtaining negative change in free energy of mixing (Cole-
man, Graf, & Painter, 1991; Coleman & Painter, 2006;
Painter & Coleman, 1997; Sperling, 2001), where the
change in free energy of mixing is related to enthalpic
and entropic contributions as;

DGmix ¼ DHmix � T � DSmix: ð1Þ
DGmix is the Gibbs’ free energy of mixing; DHmix is the
enthalpy of mixing; DSmix is the entropy of mixing; and
T is the absolute temperature. A negative value of DGmix

shows that the mixing process is spontaneous. DSmix arises
from the number of possible configurations of a solute in
solution (also called combinatorial entropy) (Painter &
Coleman, 1997). DSmix is always positive since entropy
increases upon mixing, due to the increase in randomness.
Therefore, the sign of DGmix depends on the magnitude and
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sign of DHmix (Sperling, 2001), which arises from interac-
tions between monomeric units (Painter & Coleman, 1997).

The second condition required for miscibility is to have
positive second derivative of DGmix (Coleman et al., 1991;
Coleman & Painter, 2006). If the negative valued DGmix

as a function of composition plots are concave upwards
for all compositions, then the components of the mixture
are miscible in all proportions. These types of plots give
positive second derivative of DGmix over the entire compo-
sition range. On the other hand, if the negative valued
DGmix vs. composition plots show portions that are con-
cave downwards, then the blend components are not misci-
ble in that specific composition range although the DGmix is
negative (Coleman et al., 1991). Therefore, it is important
to consider both the DGmix and the second derivative of
DGmix to decide if the blend components are miscible or
not.

When two types of small molecules are present in a mix-
ture, the molecules can rearrange themselves in the avail-
able volume in many ways. Therefore, the randomness in
the system and entropy of mixing is very high. When one
of the small molecules is replaced with a polymer molecule,
then the randomness in the system and entropy of mixing
decreases significantly, as compared to the system of two
small molecules. Furthermore, if there are two types of
polymers present in the system, then the order in the system
increases, the randomness and entropy of mixing decreases
even more (Sperling, 2001). In statistical thermodynamics
of mixing, entropy of mixing can be determined by obtain-
ing a quantitative measure of the number of possible
arrangements of the molecules in the system. A simple
method for counting the possible configurations is the use
of a lattice model (Fig. 1) (Sperling, 2001). A simplification
in the lattice model is to assume that the energy of interac-
tions between any molecules is an average energy over all
possible configurations, called mean-field approximation
(Painter & Coleman, 1997).

1.1. Flory–Huggins solution theory

The basic thermodynamic equation for mixing polymer
systems is given by the Flory–Huggins solution theory
(Flory, 1952). Flory–Huggins theory is a lattice model orig-
inally derived for small molecules and it assumes that each
Fig. 1. Schematic representation of mixing two small molecules of equal
size on a lattice.
molecule occupies one site on the lattice (Fig. 1). The the-
ory assumes random distribution of the segments (Flory,
1952; Painter & Coleman, 1997; Viswanathan & Dadmun,
2002). This assumption may not hold when there are strong
polar forces or specific interactions, such as hydrogen
bonding, between the components of the blends due to
the fact that strong intermolecular interactions limit the
mobility of the chains and force the chains into non-ran-
dom configurations (Coleman et al., 1991; Viswanathan
& Dadmun, 2002). The theory also assumes no free volume
in the system (all lattice sites are occupied) and the volume
change upon mixing is negligible (Flory, 1952; Painter &
Coleman, 1997).

The original Flory–Huggins theory is expanded for
polymer systems, assuming that the polymer is a flexible
chain composed of a series of connected monomers
(repeating units) and each monomer occupies one lattice
site, which is also equal in size (volume) to a solvent mol-
ecule (Madkour, 2001; Painter & Coleman, 1997; Patnaik
& Pachter, 2002). Accordingly, the polymer is placed on
the lattice as shown in Fig. 2, occupying lattice sites next
to each other.

The general expression of Flory–Huggins theory for free
energy of mixing (applicable both for polymer–solvent and
polymer–polymer systems) is given as;

DGmix

R � T

� ��
� V r

V

� �
¼ UA

MA

� ln UA þ
UB

MB

� ln UB þ vAB � UA � UB;

ð2Þ
where U is the volume fraction of each component; M is the
number of segments; v is the Flory–Huggins interaction
parameter; Vr is the reference volume; V is the total molar
volume of the system; and subscripts A and B refer to the
two components in the mixture (Kuo & Chang, 2002;
Madkour, 2001; Painter & Coleman, 1997; Patnaik &
Pachter, 2002; Viswanathan & Dadmun, 2002). Eq. (2)
can also be written in terms of free energy of mixing per
mole of lattice sites, paying attention to the reference vol-
ume, as;
Solvent

Polymer segments 

Fig. 2. Schematic representation of a polymer on a lattice.
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DGmix

R � T

� �
¼ UA

MA

� ln UA þ
UB

MB

� ln UB þ vAB � UA � UB: ð3Þ

The first two terms on the right-hand side in Eq. (3) corre-
sponds to the combinatorial entropy contribution, which is
always negative, since natural logarithm of volume fraction
(a number smaller than 1) is always negative. The third
term on the right-hand side of Eq. (3) corresponds to the
enthalpy of mixing representing interactions between com-
ponents (Kuo & Chang, 2002; Madkour, 2001; Patnaik &
Pachter, 2002; Sperling, 2001; Viswanathan & Dadmun,
2002).

The selection of the reference volume, Vr, on a lattice,
which in general corresponds to the volume of each lattice
site, is critical as it is a determinant factor for the selection
of M in Eq. (3). If components A and B are small molecules
of equal size, then Vr = VA = VB and MA = MB = 1. If
component A is a solvent and component B is a polymer,
then Vr = VA, where VA is the volume of the solvent that
is equal to the volume of each polymer segment. In this
case, MA = 1 and MB� 1. If both components A and B
are polymers, then Vr is chosen as the volume of the mono-
meric unit of one of the components and MA and MB will
be large (Painter & Coleman, 1997).

Volume fractions (U) in Eq. (3) are defined as;

UA ¼
nA �MA

nA �MA þ nB �MB

; UB ¼
nB �MB

nA �MA þ nB �MB

; ð4Þ

where nA and nB are the moles of polymers in the mixture;
MA and MB are the number of segments in each polymer
chain (Painter & Coleman, 1997). Since U is the volume
fraction of components, UA + UB = 1.

1.2. Flory–Huggins interaction parameter

Another term that needs attention in Eq. (3) is Flory–
Huggins interaction parameter (v) (Flory, 1952). v is used
to characterize interactions in mixtures of small molecules,
in polymer solutions (polymer–solvent systems) and poly-
mer blends (polymer–polymer systems). It is a dimensionless
number and is related to the solubility parameters (d) as;

vAB ¼
V r

R � T ðdA � dBÞ2; ð5Þ

where Vr is the reference volume; dA and dB are the solubil-
ity parameters of each component; R is the universal gas
constant; and T is the absolute temperature. For poly-
mer–solvent systems, an added fudge factor of 0.34 to
right-hand side of Eq. (5) gives better match (Painter &
Coleman, 1997; Sperling, 2001). Since v is proportional
to the square of the difference between the solubility
parameters of the blend components [(dA � dB)2], enthalpy
term in Eq. (3) is always positive, opposing mixing, result-
ing in phase separation in many cases (Coleman et al.,
1991; Kuo & Chang, 2002; Madkour, 2001; Viswanathan
& Dadmun, 2002).
1.3. Hildebrand solubility parameter

Solubility parameter of a material with physical interac-
tions (Hildebrand & Scott, 1950) is defined as;

d ¼ Ecoh

V m

� �1=2

; ð6Þ

where Ecoh is the energy of vaporization at zero pressure,
known as the cohesive energy; and Vm is the molar volume.
Cohesive energy corresponds to the total attractive forces
in a condensed state material. Molecules that are highly
attracted to one another have high cohesion and solubility
parameters; and materials that have high solubility param-
eters require more energy for dispersion than materials
with low solubility parameters (Olabisi, Robeson, & Shaw,
1979).

Cohesive energy per molar volume (Ecoh/Vm) is called
the cohesive energy density (CED) and it is related to the
energy required to break all intermolecular physical links
in the unit volume (Greenhalgh, Williams, Timmins, &
York, 1999). When two components have similar CED val-
ues, they are likely to be soluble in each other as the inter-
actions in one component would be similar to those in the
other component. The overall energy needed to facilitate
mixing of the components would be small, because the
energy required to break the interactions within the com-
ponents would be equally compensated by the energy
released due to formation of interactions between unlike
molecules (Greenhalgh et al., 1999). Moreover, two materi-
als with very similar CED values approximately makes the
enthalpy term in Eq. (3) zero, minimizing the opposing
effect to mixing.

Solubility parameters (d) of polymers cannot be directly
determined from their energy of vaporization, because
polymers cannot be evaporated by heating as they decom-
pose below their theoretical vaporization temperature. One
way of determining solubility parameter of a polymer is
through predictions using group contribution methods
based on the chemical structure of the monomeric unit of
the polymer (Coleman et al., 1991; Painter & Coleman,
1997; Sperling, 2001; Van Krevelen & Hoftyzer, 1976).
The cohesive energies and molar volumes of chemical
groups that conform the molecule are additive and d can
be calculated as;

d ¼
P

EcohP
V m

� �1=2

; ð7Þ

following Eq. (6), where
P

Ecoh is the sum of the cohesive
energies; and

P
Vm is the sum of the molar volumes of all

chemical groups in the structure of the monomeric unit. It
should be noted that calculation of d using Eq. (7) gives the
overall cohesive energy in the materials and do not give
specific information on the relative strengths of the forces
in a system, such as hydrogen bonding (Greenhalgh
et al., 1999).
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A modified approach to determine solubility parameters
for polymers where cohesive energy is dependent not only
on the dispersion forces but also on interactions between
polar groups and on hydrogen bonding is to divide d into
its dispersive (dd), polar (dp) and hydrogen bonding (dh)
contributions, and calculated as (Van Krevelen & Hofty-
zer, 1976);

d2 ¼ d2
d þ d2

p þ d2
h; ð8Þ

where

dd ¼
P

F di

V m

; dp ¼
P

F 2
pi

� �1=2

V m

; dh ¼
P

Ehi

V m

� �1=2

: ð9Þ

However, the available data for Fdi, Fpi and Ehi (Eq. (9))
for calculation of Eq. (8) is very limited for different atomic
groups compared to the Ecoh in Eq. (7) (Van Krevelen &
Hoftyzer, 1976). A limitation of determining solubility
parameter of a polymer using either Eqs. (7) or (8) is that
the calculation of d based on the chemical groups on the
monomeric unit of the polymer does not take into account
the effect of molecular weight (Mw) and chain conforma-
tion, including branching and linkages between monomer
units (Olabisi et al., 1979; Patnaik & Pachter, 2002), which
are important factors for solubility of one polymer in a sol-
vent or for miscibility with another polymer. For example,
according to d calculation using Eqs. (7) or (8), two poly-
mers with different Mw (i.e. a glucose polymer with small
or large Mw) or two polymers that are composed of only
one type of monomers (i.e. amylose and amylopectin)
would be predicted to have the exact same solubility
parameters. More accurate predictions of solubility param-
eters for polymers should take these factors into account
which would provide better miscibility predictions in poly-
mer blends.
Fig. 3. Calculation of the solubility parameter for monomer of dextran (Ecoh an
and Hoftyzer (1976)).
The aim of this paper was to investigate the validity of
the original Flory–Huggins theory in terms of predictive
capability for miscibility in dextran blends as model carbo-
hydrate systems. Determination of the solubility parame-
ters of dextrans with different molecular weights was
presented with a quantitative methodology using their glass
transition temperatures. Free energy of mixing together
with its second derivative was calculated in order to predict
miscibility in the dextran blend with high and low molecu-
lar weights.

2. Methodology

2.1. Determination of solubility parameter of monomeric unit
of dextran

Solubility parameter (d) for the monomeric unit of dex-
tran using Eq. (7) and atomic groups that conform the
molecule was calculated as 19.8 (cal/cm3)1/2 (Fig. 3).
Using the modified predictive equation for the solubility
parameter (Eqs. (8) and (9)), d for the monomer unit of
dextran was recalculated as 22.6 (cal/cm3)1/2 (Fig. 4),
which was relatively different from the one calculated in
Fig. 3. Further in this paper, a predictive methodology
to calculate the solubility parameters of dextrans with
different molecular weights would be presented, making
use of the d of monomer calculated in Figs. 3 and 4;
and also would be looked into which d approximation
gives better results for prediction of miscibility in dextran
systems.

2.2. Placing dextrans on the hypothetical lattice

The molar volume (Vm) of the monomeric unit of dex-
tran was calculated to be 57.7 cm3/mol using group contri-
d Vm values for different atomic groups were obtained from Van Krevelen



Fig. 4. A second method for calculation of the solubility parameter for monomer of dextran (Fdi, Fpi and Ehi values for different atomic groups were
obtained from Van Krevelen and Hoftyzer (1976)).
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bution methods (Fig. 3), being the reference volume, Vr, for
a system involving two dextran polymers (to be used in Eq.
(5)).

2.3. Determination of volume fractions in dextran mixtures

For theoretical calculations, two dextrans with weight-
average molecular weights (Mw) of approximately 1000
and 2,000,000 were used. The molecular weight of the
monomeric unit of dextran is 162 g/mol (Fig. 3). Eq. (4)
was used to calculate the volume fractions in the selected
system. The calculated volume fractions of dextran with
Mw = 1000 (UA) as a function of % weight/weight ratio
(mA) is shown in Fig. 5. For the polymer system under
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Fig. 5. Calculated volume fractions in the system of two dextrans with
Mw = 1000 and Mw = 2,000,000 as a function of % w/w ratio (mA).
investigation, for example, 40/60% ratio of Mw = 1000/
Mw = 2,000,000 had volume fractions as UA = 0.4
(Mw = 1000) and UB = 0.6 (Mw = 2,000,000), respectively.
For any other system, the volume fractions for a similar
percentage ratio may be different depending on the refer-
ence volume selected and how the polymer segments would
be placed on the lattice.

3. Results and discussion

3.1. A predictive methodology to determine the solubility

parameters of dextrans with different Mw as a function of

glass transition temperature (Tg)

Hayes (1961) has suggested that molar cohesive energy
of a polymer can be written directly proportional to the
molar rotational energy of the polymer and suggested a
relationship between rotational energy and the glass transi-
tion temperature using a number of different synthetic
polymers with known structures and Tg values. During
cooling, the rotation of various atoms and groups in a
polymer becomes less and at Tg, this rotation is finally
inhibited due to lack of enough rotational energy to over-
come the forces holding the molecules together (Hayes,
1961). At Tg;

Ecoh ¼ ER þ C � n; ð10Þ
where Ecoh is the molar cohesive energy; ER is the molar
rotational energy; n is the degrees of freedom that is related
to the ability of atoms to rotate; and C is a constant. ER

can be written as a function of Tg as (Hayes, 1961);

ER ¼ ð0:5Þ � n � R � T g; ð11Þ
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where R is the gas constant.
The rules to determine ‘‘n’’, in Eqs. (10) and (11), as sug-

gested by Hayes (1961) are; ‘‘1’’ is assigned for each atom
or group that can rotate without causing any chain motion;
‘‘6’’ is assigned for each atom or group that causes chain
motion when it rotates; an additional ‘‘2’’ is assigned when
any branch group cannot rotate without bumping into the
polymer chain due to its size; when a double bond or phen-
yl group prevents the rotation of a particular atom or
group of atoms, the group that is restricted is counted as
one atom (Hayes, 1961). Based on these rules, ‘‘n’’ for
the monomer unit of dextran was calculated as follows:
7 H atoms connected to C atoms that can rotate without
causing any chain motion (7 · 1 = 7); 3 H atoms on OH
groups that can rotate without causing any chain motion
(3 · 1 = 3); 3 O atoms on OH groups that can cause chain
motion when they rotate (3 · 6 = 18); 2 individual O atoms
that can cause chain motion when they rotate (2 · 6 = 12);
6 C atoms that can cause chain motion when they rotate
(6 · 6 = 36). Therefore, the total number of ‘‘n’’ for the
monomeric unit of dextran was calculated to be n = 76.

Inserting Eq. (11) into Eq. (10) and dividing both sides
of the resulting equation by molar volume of the monomer
(Vm), Eq. (12) would be obtained following Eq. (6):

Ecoh

V m

¼ CED ¼ d2 ¼ ð0:5Þ � n � R � T g þ C � n
V m

; ð12Þ

where CED is the cohesive energy density. As mentioned
earlier, CED is related to the energy changes needed to sep-
arate molecules from each other during mixing or solution
process. According to Eq. (12), CED would increase with
Tg. For a polymer of different molecular weights, it has
been shown that Tg increases as Mw increases (Aklonis &
MacKnight, 1983; Cowie, 1975; Gropper, Moraru, &
Kokini, 2002; Icoz, Moraru, & Kokini, 2005; Ruan et al.,
1999; Slade & Levine, 1991a, 1991b; Sperling, 2001). So,
according to Eq. (12), CED would increase with Mw. How-
ever, there should be an inverse relationship between CED
and Mw, because as the molecule gets larger, lower energy
would be sufficient to separate the molecules from each
other (easier separation). For example, for simple liquids,
CED is inversely related to Mw and given as (Barton,
1975);

CED ¼ DH v � R � T
Mw=q

; ð13Þ

where DHv is the heat of vaporization; R is the gas con-
stant; T is the temperature; and q is the density. Moreover,
Patnaik and Pachter (1999, 2002) have shown the inverse
relationship between CED and Mw of poly(methyl methac-
rylate) (PMMA) using molecular dynamics simulations.
An initial steep drop in CED with the number of methac-
rylate units for PMMA (which is directly related to the
Mw) has been shown which then levels off as Mw increases
further (Patnaik & Pachter, 1999, 2002). The reason why
there is a direct relationship between cohesive energy and
Tg according to Hayes (1961) (Eq. (11)) is because the
researcher did not focus on the polymers with different
Mw, but polymers with different Tg values. A polymer with
a high Tg value would not necessarily mean that it would
have a higher Mw for different polymers in Hayes (1961)
study. Since solubility parameters as a function of Mw

for one type of polymer (dextran, in our study) was needed,
we have done a modification on the suggested relation by
Hayes (1961), following the molecular dynamic simulations
by Patnaik and Pachter (1999, 2002), described as follows:
Using the data points reported in Patnaik and Pachter
(2002), a logarithmic relationship between CED and num-
ber of monomers was fitted with an exceptional regression
coefficient (Fig. 6 and Eq. (14)).

CED ¼ ð�44:69Þ � lnð# of monomersÞ þ 356:93

R2 ¼ 0:85; ð14Þ

where # of monomers ¼ Mwpolymer

Mwmonomer
. As a more generalized

form, Eq. (14) can be written as;

CED ¼ ð�AÞ � lnðMwpolymer
Þ þ B; ð15Þ

where A and B are constants, showing the inverse relation-
ship between CED and Mw of the polymer. In order to ob-
tain a similar relationship between solubility parameters
and Mw of the dextrans, the Tg–Mw relationships reported
by Icoz et al. (2005) were used. The regression lines for Tg–
Mw relations for dextrans at aw = 0.00 was given as;

Mw < �27,000,

T g ¼ ð13:30Þ � lnðMwpolymer
Þ þ 39:82 R2 ¼ 0:92; ð16Þ

Mw > �27,000,

T g ¼ ð0:98Þ � lnðMwpolymer
Þ þ 165:58 R2 ¼ 0:97: ð17Þ

(Icoz et al., 2005). So when Eqs. (16) and (17) were inserted
into Eq. (12) with a modification of inserting (�) sign in
front of rotational energy term (keeping in mind that
CED would be inversely related to Mw following Patnaik
and Pachter (1999, 2002)), a relationship similar to Eq.
(15) would be obtained;

CED ¼ ð�DÞ � lnðMwpolymer
Þ þ E; ð18Þ
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where D and E are constants specific to the system of
interest.

Rewriting Eq. (18) in the form of Eq. (19), the solubility
parameters of dextrans with different Mw could be
calculated.

CED ¼ d2 ¼ ð�0:5Þ � n � R � T g þ C � n
V m

: ð19Þ

First, the constant ‘‘C ’’ was obtained calculating Tg of the
monomeric unit from Eq. (16) and knowing the solubility
parameter (Figs. 3 and 4), n and Vm of monomer of dex-
tran. Then, using this calculated constant ‘‘C’’ (specific
for dextrans) and the Tg of dextrans with different Mw (Icoz
et al., 2005), solubility parameter of dextrans with different
Mw were calculated using Eq. (19). In these calculations, n

and Vm of monomer were used, because n and Vm for a
polymer would be (n· # of monomers) and (Vm· # of
monomers), where (# of monomers) would be cancelled
as it would be present in both numerator and denominator
of Eq. (19).

Accordingly, using dmonomer of dextran = 19.8 (cal/cm3)1/2

(Fig. 3); Tg, 1000 = 124.6 �C and Tg, 2,000,000 = 179.5 �C (Icoz
et al., 2005), solubility parameters for dextran with
Mw = 1000 and Mw = 2,000,000 was calculated as;

d1000 ¼ 19:223ðcal=cm3Þ1=2 and

d2;000;000 ¼ 17:221ðcal=cm3Þ1=2
: ð20Þ

In the similar way, using dmonomer of dextran = 22.6 (cal/
cm3)1/2 (Fig. 4); Tg, 1000 = 124.6 �C and Tg, 2,000,000 =
179.5 �C (Icoz et al., 2005);

d1000 ¼ 22:096ðcal=cm3Þ1=2 and

d2;000;000 ¼ 20:378ðcal=cm3Þ1=2
: ð21Þ

Eqs. (20) and (21) show that as Mw of dextrans
increased, the solubility parameter decreased, as expected.
Solubility parameter of complex carbohydrates, such as
amylopectin, can be approximated using d of dextran with
Mw = 2,000,000.

Molecular dynamics simulations could also be used to
obtain the relationships between solubility parameters
and molecular weight of polymers as in the studies by Pat-
naik and Pachter (1999, 2002); however, if computational
tools are not available, the methodology of using CED–
Tg relationship (Eq. (19)) in combination with Tg–Mw rela-
tionships (Eqs. (16) and (17)) would provide an exceptional
alternative.

3.2. Prediction of miscibility in dextran blends of Mw = 1000

and Mw = 2,000,000

Figs. 7 and 8 show the free energy of mixing two dex-
trans with low and high molecular weights, calculated
using the solubility parameters determined in Eqs. (20)
and (21), respectively. The contributions from both entro-
pic and enthalpic terms are also illustrated on each figure.
Both Figs. 7 and 8 showed (�) contribution from entropy
of mixing (�TÆDSmix) over the entire volume fraction range
of dextrans, since the volume fractions in Eq. (3) were
smaller than 1 and logarithm of a number smaller than 1
always gives a (�) value. Since the calculation of entropic
term was independent of two different versions of calculat-
ing solubility parameters determined in Figs. 3 and 4; and
was only dependent on the volume fractions and the size of
the polymers, both Figs. 7 and 8 had same �TÆDSmix val-
ues. On the other hand, contribution from enthalpy of mix-
ing (DHmix) was calculated to be (+) over the entire
composition range since enthalpic term was determined
through the square of the difference between solubility
parameters of components. Slightly different DHmix values
were calculated in Figs. 7 and 8 due to the difference in cal-
culating solubility parameters given in Eqs. (20) and (21).
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Fig. 9. Second derivative of free energy of mixing dextrans with
Mw = 1000 and Mw = 2,000,000 at 25 �C as a function of volume fraction
of dextran with Mw = 1000 (following Fig. 7).
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fraction of dextran with MW = 1000 (following Fig. 8).

66 D.Z. Icoz, J.L. Kokini / Carbohydrate Polymers 68 (2007) 59–67
In order to obtain a miscible system, the first require-
ment is to obtain negative free energy of mixing (DGmix).
Figs. 7 and 8 both predicted partial negative and partial
positive DGmix for the range of volume fractions, depend-
ing on the contribution from enthalpic term (DHmix). If
(�) DGmix had been obtained over the whole volume frac-
tion range with a concave upwards plot, then dextran with
Mw = 1000 and Mw = 2,000,000 would be predicted to be
completely miscible over the entire composition range. Icoz
et al. (2005) have shown miscible systems in blends of dex-
tran with Mw = 970 and Mw = 2,000,000. The samples that
were prepared using 30% (w/w) (w.b.) polymer concentrat-
ed solutions of dextrans; mixing them in various w/w (d.b.)
ratios ranging from 0/100, 10/90, 20/80, 30/70, 40/60,
50/50, 100/0; freeze-drying these solutions; grinding into
powder form; and finally equilibrating at a specific water
activity, have shown a single Tg determined through ther-
mal analysis (Icoz et al., 2005). Although component ratios
of 60/40, 70/30, 80/20; 90/10 were not reported due to close
Tg values to the pure low Mw component, these dextrans
were miscible over the entire composition range due to
their compatible nature. However, the free energies calcu-
lated in both Figs. 7 and 8 were unsatisfactory in predicting
the actual miscibility in the system under investigation. In
Fig. 7, the volume fraction where the change form negative
DGmix to positive DGmix occurred (from miscible to immis-
cible system predictions) was around UA = 0.135 (13.5/
86.5% component ratio). In Fig. 8, the same volume frac-
tion was determined around UA = 0.30 (30/70% compo-
nent ratio), showing a larger range of volume fractions
for predicting negative DGmix than that in Fig. 7. The rea-
son for this was due to the difference in calculation of d of
the monomeric unit of dextran (Figs. 3 and 4) and there-
fore calculation of d for dextran with different Mw (Eqs.
(20) and (21)). Calculation of solubility parameter as in
Fig. 3 has only taken into account the dispersive forces
through group contribution methods. On the other hand,
calculation of solubility parameter as in Fig. 4 has also par-
tially included the effect of the polar and the hydrogen
bonding forces. Since the monomeric unit of dextran is a
glucose molecule with a number of hydroxyl groups, it
has high capacity to participate in hydrogen bonding inter-
actions. The difference between ds of dextran with
Mw = 1000 and Mw = 2,000,000 given in Eq. (20) was larg-
er than that in Eq. (21), resulting in higher enthalpic contri-
bution through Eq. (5) and resulting in a smaller
composition range of miscible systems ((�) DGmix) (Figs.
7 vs. 8).

The second derivatives of DGmix have shown partial
positive and partial negative values over the composition
range (Figs. 9 and 10), predicting miscibility for limited
composition ratios that support the results shown in Figs.
7 and 8, respectively.

The overall results have shown that the original Flory–
Huggins theory was not sufficient enough to predict misci-
bility in dextran blends as model carbohydrate polymers.
Calculating enthalpy of mixing using interaction parame-
ters determined from the square of the difference between
solubility parameters of the two components underestimat-
ed the presence of strong hydrogen bonding between the
components, which would actually enhance their miscibili-
ty by creating sufficient thermodynamics of interactions.
Improvement of the miscibility predictions of carbohydrate
polymers requires more advanced thermodynamic models,
such as Painter-Coleman Association model, which han-
dles the specific hydrogen bonding interactions separately
by inserting a free energy of hydrogen bond formation term
to the right-hand side of the original Flory–Huggins
equation.

Before concluding the findings in this paper, one last
point to be made is that the system under consideration
in the current study was dextran (1) + dextran (2) systems
with two different molecular weights. If a third component
(such as water) would be included into the system, then the
thermodynamic analysis would be slightly complicated and
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the Flory–Huggins equation for the two-components (Eq.
(3)) would be re-written for a three-component system.
An additional entropic term would be added to the right-
hand side of Eq. (3). There will also be additional enthalpic
terms that describe the interactions between dextran (1)
and water; and between dextran (2) and water. This would
result in contributing more positive valued terms to the free
energy of mixing. Moreover, since water also has strong
and multiple hydrogen bonding formation capacity, the
predictions using original Flory–Huggins theory would
probably fail to determine the actual miscibility in such a
three-component system.

4. Conclusions

The methodology of calculating solubility parameters of
dextrans with different molecular weights as a function of
their glass transition temperatures has been valuable and
can provide a predictive tool for various other carbohy-
drate polymers. The calculated free energy of mixing,
thereby miscibility predictions, of two dextrans with differ-
ent molecular weights using Flory–Huggins theory were
shown to be unsatisfactory, demonstrating the restriction
of the original theory for carbohydrate systems with mono-
meric units consisting of multiple hydroxyl groups. Misci-
bility predictions may be improved with the application
of Painter-Coleman association model, which is a more
advanced thermodynamic model that can account for the
strong hydrogen bonding interactions in a blend. The
application of this advanced model on carbohydrate poly-
mers is under investigation.
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