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Abstract

The enthalpy of dilution of chitosan and alkylchitosan solutions in aqueous 0.3 M acetic acid was experimentally studied over the entire
concentration range at 298 K, and the values of Flory—Huggins interaction parameter were determined with the help of a new scaling
approach which took into account the electrostatic contribution to the enthalpy of dilution of polyelectrolyte solutions. That made it possible
to estimate separately the excluded volume contribution to the enthalpy of dilution and, thus, to calculate the values of y which appeared to
be —0.01 for chitosan and —0.21 for alkylchitosan. It was found out that y did not depend on the presence of salt in the solution. The
hydrophobic modification of chitosan enhanced interaction with water due to the hydrophobic hydration in the aqueous solution. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Without doubt, Flory—Huggins parameter of interaction
— X, is of the very special importance in polymer solutions.
Originally, it was taken from Hildebrand theory of regular
solutions to characterize the energy of interaction of poly-
mer segments with solvent molecules within the framework
of Flory lattice model [1]. It was included in the well known
expression for the chemical potential (Aw,) of a solvent

1
Ap, = RT{ln(l — @)+ (1 - ;)% + X<p§} (D

where p is the degree of polymerization and ¢, is the
volume fraction of polymer in solution.

Although, since then, many other theoretical approaches
were introduced to describe solute—solvent interactions in
liquid solutions [2], none of them managed to replace
Flory—Huggins parameter Y, while considering polymer
solutions.

The entropy term in the expression (1) was reconsidered
several times, the last one according to De Gennes scaling
concept [3]. But, no matter how sophisticated a theory might
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be, it reserved a place for Flory—Huggins parameter of inter-
action. On one hand, the importance of y parameter for
theory, stems from being the only way to take into account
the specific chemical nature of polymer and solvent. On the
other hand, parameter y cannot be calculated and is either
taken from experiment or (more often) referred to as adjus-
table. Thus, it appears to be a sort of a junction between
theory and experiment in polymer solutions.

Experimental determination of y in non-electrolyte solu-
tions is described elsewhere [4]. Basically, one can (i) use
expression (1) to fit experimental data on the chemical
potential of the solvent measured by means of osmotic pres-
sure, vapor sorption, light scattering, etc.; (ii) calculate y
from the position of binodal on the phase diagram of poly-
mer solution if there is a liquid—liquid phase separation; (iii)
analyze the enthalpy of dilution (AHg;) of polymer solution.

However, none of these approaches can be used when
the dissolved polymer is a polyelectrolyte. In this case, (i)
the chemical potential of the solvent depends rather on the
presence of counter-ions than on y; (ii) usually there is no
liquid-liquid phase separation in the solution; (iii) the
enthalpy of dilution depends not only on y (excluded
volume interactions) but on electrostatics, as well.

Nevertheless, we believe that the enthalpy of dilution
might provide the reliable information on Y, if we manage
to estimate the electrostatic contribution to the experimental

0032-3861/02/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0032-3861(01)00513-4



744 A.P. Safronov, A.Yu. Zubarev / Polymer 43 (2002) 743-748

-60

-120

Fig. 1. The enthalpy of dilution of chitosan (1) and alkylchitosan (2) solu-
tions in aqueous 0.3 M acetic acid over the entire concentration range, at
298 K. (a — salt-free solution; b — 0.2 M CH;COONa present).

values of AHgy;. The objective of the present study was to
find a way to do this and thus to determine Flory—Huggins
interaction parameter ) for the solutions of the natural poly-
saccharides of practical importance: chitosan and its hydro-
phobically modified derivative — alkylchitosan.

2. Experimental

Chitosan is the derivative of the natural polysaccharide
— chitin, obtained by the deacetilation of acetamide
groups. The samples of chitosan and its alkylated derivative
were kindly supplied by Prof. M. Rinaudo (CERMAV/
CNRS, France) and contained monomer units: (I) — with
amino groups Chit-NH,, (I) — with acetamide groups
Chit-NHCOCH; and (IIT) with dodecylamino groups Chit-
NHC;,H,s. The content of different units was determined by
'H-NMR which gave for chitosan sample 88% of units (I),
12% of units (II) and for alkylchitosan sample — 84% of
units (I), 12% of units (II), 4% of units (IIT). The mean-
weight molmass of the polymers, determined by static
light scattering, was 2 X 10°.

Chitosan becomes water soluble only after neutralization
by an acid. In order to do this, both chitosan and alkylchi-
tosan were dissolved in 1 M acetic acid. Thus, each unit of
the types (I) and (IIT) was converted into the salty form

Chit-NH, + H" A~ — Chit-NH; A~

Thin films were cast from these solutions and vacuum
dried.

All calorimetric measurements were carried out using
commercial isothermal Calvet microcalorimeters: DAK-1-
1 (Chernogolovka) with 10 ml cells and sensitivity 10~ J/s
and MID-200 (Ethalon, Almaty) with 100 ml cells and
sensitivity 5X 107 J/s. The values of heat effects from
0.05 to 1 J were measured with ca. 5% accuracy, the values

of heat effects 0.005-0.05 J with ca. 10%. All calorimetric
measurements were made at 298 K.

We experimentally measured the heat effects of the dilu-
tion of chitosan and alkylchitosan acetates over the entire
concentration range, by mixing certain amounts of the solu-
tion and the solvent. The solutions were prepared in the
glass vessels ca. 0.3 ml in volume. In each case, the vessel
contained 4 mg of the dissolved polymer. The solutions of
low and moderate concentration up to 50% of polymer were
prepared directly by pouring the necessary amount of
solvent into a vessel; the solutions of higher concentration
were prepared by the sorption of solvent vapor on the poly-
mers. Then, the vessels were sealed and stored for several
weeks in order to reach equilibrium. The heat of dilution
(AHy;) was measured when the sealed vessel was broken in
the calorimetric cell containing 4 ml of the solvent. The final
concentration of the solution was ca. 1 g/l.

3. Results and discussion

The enthalpy of dilution is defined as the heat evolved (or
absorbed) while the solution of the given initial concentra-
tion ¢; is diluted by the solvent to the final concentration ¢y.
As the initial and the final solutions contain the same
amount of polymer, the value of AHy; is usually referred
to 1 g of polymer, or 1 mol of repeating units. Thereafter,
the values of AHy;, are plotted against the initial concentra-
tion of the solution.

Fig. 1 represents the values of AHg; in the solutions of
chitosan and alkylchitosan acetates in 0.3 M aqueous acetic
acid at 298 K, over the entire concentration range. The
dilute acetic acid was preferred instead of pure water, to
prevent hydrolysis. As it was shown in Ref. [5], the disso-
ciation of the acetic acid itself is low, it does not provide
considerable amount of acetate ions in the solution and does
not affect the properties of the polyelectrolyte. We studied
both salt-free solutions and the solutions with added salt:
0.2 M CH;COONa.

The enthalpy of dilution is negative for all cases which
means that, the dilution of any solution to the final concen-
tration 1 g/l is energetically favorable. The values of AHy;
for alkylchitosan are more negative than for chitosan, and
for both polymers, they are more negative in the salt-free
solutions ,than in the presence of salt. Despite this, the
curves are rather similar in shape. One can distinguish
three parts on each — the first one in less concentrated
solutions has positive curvature, the second part at medium
concentrations is almost linear and the third part at high
concentrations has negative curvature.

We believe that the complicated character of the concen-
tration dependence of AHy; reflects the superposition of
several contributions to the energy of the solution. First, it
is the excluded volume interaction. Its contribution to the
value of AHy; can be obtained from Eq. (1). The last term in
Eq. (1) is the partial enthalpy of the solvent Ak, which is the
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heat evolved (or absorbed) while the infinitesimal amount of
solvent is added to the solution of definite concentration.
Using the general thermodynamic formula [6] and assuming
that ¢ is close to zero, one can easily derive from A#;, the
expression for the enthalpy of dilution

AHg) = xRT ¢, ()

Thus, the excluded volume interaction should provide the
linear dependence of AHy; on the initial concentration of
the solution. One may observe this linearity at the central
part of the curves, presented in Fig. 1.

Second, at higher concentrations the values of AHg;

become more negative than extrapolated linear dependence.
This deviation is provided by the glassy nature of chitosan
and alkylchitosan. Long ago, it was shown [7,8] that the
dissolution of glassy polymers is accompanied by a large
exothermic effect due to the metastable structure of the
glass. Theoretical consideration of this contribution to the
energy of solution can be found in Ref. [9]. For the enthalpy
of dilution, it yields the following:
AHg g = 622<P(3<P(21/¢372) 3)
where €,, is the energy of cohesion of polymer and o
is the concentration of voids in the loose glassy structure
of polymer.

However, the influence of the glassy nature of the poly-
mers is essential only in highly concentrated solutions, and
rapidly tends to zero with the increase of the solvent content.
Basically, this is the energy aspect of the process of plasti-
cization of a glassy polymer by a solvent.

At low concentrations of the solution, the dependence of
AHg; is not linear either. Hence, in addition to Egs. (2) and
(3), we should take into account the third contribution to the
values of AHg; provided by the electrostatic energy of poly-
electrolyte. Electrostatic interactions are the only long-
range forces in the solution and this makes them dominant
at low content of the polymer.

The conventional theoretical approach [10], based on
Lifson—Katchalsky consideration of the charged elongated
macromolecule [11], is restricted to the dilute solutions of
polyelectrolytes where macromolecules are far apart from
each other and do not overlap. As it was shown in Ref. [12],
for chitosan solutions in 0.3 M acetic acid, this condition is
fulfilled only at concentrations below ¢* = 0.3 g/l.

Hence, all the solutions under consideration in the present
study (including that at ¢;) contain overlapping charged
macromolecules of chitosan or alkylchitosan, and we should
admit that, there is no adequate theoretical consideration of
such systems. We have tried to develop the one based on the
scaling concept.

4. Theoretical model

Let us consider a system of strongly charged polyelec-
trolyte chains with counter-ions in a salt-free solution. The

average distance between chains (¢) is much less than their
contour length (L). The total electrostatic energy of the solu-
tion may be separated into the following parts:

E, — the energy of the counter-ions adsorbed on the
charged chains;

Ep — Debye electrostatic energy of the ionic system;
E. — the elastic energy of the stretched charged chains.

The estimation of these terms is given below.
4.1. The energy of adsorbed counter-ions

Let us consider a straight charged segment of a macro-
molecule. We denote the linear charge density of the
segment itself by po and the charge density of the segment
with adsorbed counter-ions by p. Let r; be the characteristic
radius of the region, where the adsorbed counter-ions are
located. It is equal to the diameter of the chain by an order of
magnitude. The electrostatic potential iy at a distance r
from the quasi-cylindrical segment is given by a standard
equation of electrostatics

y=—2plnr+C 4)

if r is less then Debye radius rp. Estimations [13] show that
rp = & If r > rp, the potential ¢ rapidly decreases and
tends to the value of the mean electrostatic potential of
the solution yp. We can therefore use the following bound-
ary condition: ¢ — ¢, when r — £. It effectively takes into
account the presence of other chains in the system. The
similar boundary conditions are often used in cell models
for composites [14]. We have to use this approximation
because the detailed analysis of the many-chain system, is
hopeless. It should be noted that this boundary condition is
different from that used by Lifson and Katchalsky [11]:
(0Yldr — 0, when r — §).

Returning to Eq. (4), we find that C = ¢p. It is conveni-
ent to introduce the value iy; — the excess electrostatic
potential over the mean potential of the solution
U = —2pInt

3

Below, for the sake of simplicity, we use the two-region
model for polyelectrolyte solution [13]. For example, we
suppose that, in the region 1, which is close to the segment
(r < 'ry) the electrostatic potential is constant and equal to
Y1 + ¢Yp, the counter-ions are effectively ‘condensed’ in
this region, and their concentration is c¢;. In the region 2
(r; <r<§), the potential equals to ¢, the counter-ions
are effectively ‘free’, and their concentration is c,. The
concentrations c¢; and ¢, are connected by Boltsman relation
g9 )

C|1 = Cp exp(ﬁ

®)

q being the charge of the counter-ion.
The further treatment, similar to that described in Ref.
[13], leads to the known equation for the fraction of free
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counter-ions 3
1— 1—upB
B _ 9
B l—¢
where ¢ — is the volume fraction of charged chains in the

solution and u — is the charge density parameter defined
by:

In

6)

62

“= DkTb

where e is the elementary charge, b the monomer length; D
is the dielectric constant.

Let us now estimate the excess energy of the counter-ions
adsorbed on the chain in the region 1, as compared to the
mean electrostatic energy of the solution. The electrostatic
energy of a unit length of a segment with the charge density
p in the potential s, is:
pb _ _ poB
E= D D In ¢ 8)

We took into account Eq. (5) and estimation r;/¢ = ¢. In
order to get E,, we should subtract from Eq. (8), the energy
of the charged chain itself in its own potential: —2p, In ¢.
As a result, we obtain the energy of adsorbed counter-ions
per 1 mol of charged units (¢ = e, uni/uni valent polyelec-
trolyte)

B’
D

)

E:

2 2
_ _@ — e Na 2
In ¢ ( o0 @) wp LT B)ne )

assuming py = e/b.
4.2. Debye energy of the solution

In the first rough approximation, the value of Ey, for the
polyelectrolyte solution of concentration above ¢* can be
estimated by the same way as for the solution of the ordinary
electrolyte [15]

B — q3 8m
D= Tz W(Na
where V is the volume of the solution.

However, the fact that the charged monomer units are
connected with each other in a chain, lowers |Ep| as
compared to Eq. (10). Therefore, Eq. (10) is an upper esti-
mation for Debye energy of the polyelectrolyte solution. Let
us rewrite Eq. (10) in a form:

B (10)

_am

2
q Ny 3n
Ep = 1 €D> € =A—,/— s
D D D D Do TV VB
A =8

Let N be the number of macromolecules in the solution.
Taking into account the condition of the electric neutrality
of the solution

Nyg = NpoL. an

we get:
&= NpOer _ | P
Vv qvr? gri
and
2
q POP 312 Ab [ue sp
e = Ai —_— = — —
P DporiVkT N g A rn\D &

Assuming that r; = b, finally we get Debye energy per
1 mol of charged units in uni/uni-valent polyelectrolyte
solution of concentration above c¢*

2N 3/2
Ep=— eb a (g) JAug (12)

4.3. The elastic energy of the stretched charged chain

Assuming that, due to the electrostatic repulsion of mono-
mer units the macromolecular coil is elongated, let us
suppose it to be quasi-cylindrical. We denote by & — the
characteristic length of the elongated coil in the direction of
its long axis, by Q = bp,L the overall charge of a chain with
the adsorbed counter-ions.

The electrostatic energy of charging a cylinder from the
zero charge to Q according to the standard approach [15] by
an order of magnitude is:

_ ¢
E= Dh (13)

The entropy losses of the stretched chain might be esti-
mated using de Gennes Eq. (3):

h5/2 512312
S=-— 7, B = an p

where a,, — is the radius of a monomer unit, p — is the
degree of polymerization.

Hence, the free energy of a stretched coil is:

2 512
h
F = < +7T—
Dh B

Minimizing free energy, we find the estimation for the

value of A.

2\ 2/7
h= (&) = <a—m>5/7u2/7,84/7L (14)

T b

Substituting Eq. (14) in Eq. (13), we obtain the estimation
for the elastic energy of one chain

10/7 b 5/7
Ea=n(p) () ¢
am

Multiplying it by the number of macromolecules in the
solution and taking Eq. (11) into account, we get the elastic
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Fig. 2. Calculated concentration dependence of the enthalpy of dilution of
polyelectrolyte solution over the entire concentration range including
contributions from the excluded volume interactions and the electrostatic
interactions.

energy per 1 mol of charged monomer units.

N. 62 b 517 B B 10/7
Eg=——(— 2”(—) 15
el b (am) u D ( )

Thus, the total electrostatic energy per 1 mol of charged
units of uni/uni-valent polyelectrolyte in the solution of any
concentration above the ¢ is the sum of Egs. (9), (12) and
5)

2 2 3/2
eN,| 1—P B
By = b al: D In QD_A(B) VUuep

507 10/7
() (5) ]
an D

Taking into account that in the condensed phases volume

log(m, mol/kg)
-1.5 -1.0 -0.5 0.0
L | | 0

AHgj, JIg

Fig. 3. The enthalpy of dilution of chitosan (1) and alkylchitosan (2) semi-
dilute solutions in aqueous 0.3 M acetic acid at 298 K. (a — salt-free
solution; b — 0.2M CH;COONa present). Symbols — experimental
values, solid lines — interpolation according to Eq. (17).

changes are small, we may calculate the concentration
dependence of the enthalpy of dilution directly from the
values of the energy of polyelectrolyte solution at the initial
and the final concentration

AHgije1(¢i = @5) = Eioi(@r) — Eii(@1) (17)

Fig. 2 represents the calculated concentration dependence
of AHy; . over the entire concentration range, at 298 K for
the different values of the charge density parameter u (Eq.
(7)). The curves are qualitatively similar to that presented at
Fig. 1 except for the region of highly concentrated solutions
where the experimental values are strongly influenced by
the glassy nature of chitosan and alkylchitosan. Let us, for
the sake of simplicity, restrict further consideration to low
and moderately concentrated solutions where we can
neglect this influence and, hence, not take into account
contribution (3) to the enthalpy of dilution. In this case:

AHgiy = xRT ¢, + AH i ¢l (18)

where AHy; . is determined according to Eq. (17).

The proposed theory contains only one parameter in
AHy; ., — the charge density parameter u. (Note that S
depends on u according to Eq. (6)). It can be determined
using the values of the enthalpy of dilution at low concen-
trations where the contribution of the excluded volume
interactions is negligible and long-range electrostatic inter-
actions are dominant.

Fig. 3 represents the values of AHy;, for semi-dilute
solutions (1 < ¢ < 10 g/l) of chitosan and alkylchitosan
versus the logarithm of the molality of the solution, at
298 K. The plots for the salt-free solution and the solution
with 0.2 M CH3COONa are almost linear in accordance
with such data for other polyelectrolytes [16,17]. There is
no difference between chitosan and alkylchitosan, which is
quite reasonable because both are totally ionized. However,
in salt-free solutions, the values of AHy;  are more exother-
mic than, at the presence of salt.

The experimental values were interpolated with the theo-
retical expression (17) using u as adjustable parameter. It
gave u = 1.05 for the salt-free solutions of chitosan and
alkylchitosan and u = 0.95 for the solutions with added
0.2 M CH3COONa. Using the value of u, one can estimate
the average distance between charges in the macromolecule
according to Eq. (7). The value u = 1.05 yields b = 7.0 Ao,
which is in a good agreement with the geometrical para-
meters of chitosan monomer units connected by 3-glucoside
bond (7.3A between adjacent nitrogen atoms). Of course,
the lower value of u in the solution with 0.2 M CH;COONa
does not mean that the average distance between charges,
somehow increased. In fact, the electrostatic energy of the
polyelectrolyte solution, in the presence of salt is not
covered by expressions (9), (12) and (15) which should be
generalized for it. However, taking into account the simi-
larity of the curves at Fig. 1, for the sake of simplicity, we
used the same theoretical expressions. In this case, u = 0.95
is an ‘apparent’ value indicating that the addition of salt
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Fig. 4. The excluded volume (Flory—Huggins) contribution to the enthalpy
of dilution of chitosan (1) and alkylchitosan (2) solutions in aqueous 0.3 M
acetic acid at 298 K in a wide concentration range. (a — salt-free solution;
b — 0.2 M CH3COONa present). Symbols — the result of subtracting from
experimental data the values of AHy; ., calculated according to Eq. (17),
solid lines — interpolation by means of Eq. (2).

effectively decreases the electrostatic interactions in the
solution.

Using the values of u, let us calculate AHy; | in the low
and moderately concentrated solutions of chitosan and
alkylchitosan according to Eq. (17) and subtract them
from the experimental values of AHy; according to Eq.
(18) in order to obtain the excluded volume contribution
to the enthalpy of dilution. Fig. 4 represents the result of
the subtraction. One can see that the values of the enthalpy
are negative and their concentration dependence is linear in
accordance with expression (2). The slope of the linear
interpolation gives the value of y. Thus, for chitosan solu-
tions, the obtained value of y is: —0.01 both in the absence
and in the presence of salt, for alkylchitosan solutions, the
value of y is more negative: —0.21.

Concerning this values let us point out the following:

First, aqueous 0.3 M acetic acid is a good solvent both for
chitosan and alkylchitosan, which is obviously, due to the
hydrogen bonds formation between water molecules and
polar groups of chitosan repeating units.

Second, the addition of salt does not change the value of
x and so does not affect the excluded volume interaction,
which is quite reasonable because the latter is not electro-
static.

Third, hydrophobically modified chitosan interacts with
aqueous 0.3 M acetic acid better than chitosan itself.

The last is rather unexpected at the first sight. However,

let us take into account that water solutions provide an
opportunity for hydrophobic hydration of non-polar groups.
Although, the details of this process are still under discus-
sion, and there is no adequate theory for it, it was shown for
many aqueous solutions [18—20] that hydrophobic hydra-
tion provides exothermic heat effects. Probably, this is due
to the extra structuring of water around hydrophobic
moieties. Hence, we assume that this might be the reason
for hydrophobically modified chitosan to improve the inter-
action with the aqueous media.
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