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ABSTRACT: Dynamic and static light-scattering experiments were performed on aqueous solutions of
the highly charged semiflexible polyelectrolyte chitosan in the dilute and the semidilute regime. In the
dilute regime, typical good solvent behavior is found. However, in the overlapped regime the time
autocorrelation function of the scattered electric field is found to be bimodal. The short time relaxation
has a typical q2 dependence, characteristic of diffusion, and the long time relaxation an approximately q2

dependence, where q is the scattering wave vector. Static and dynamic light-scattering experiments were
carried out to analyze the two modes. The fast mode is attributed to the relaxation of concentration
fluctuations characterized by a cooperative diffusion mechanism of the polymer network meshes. The
slow relaxation time appears to be related to the diffusion of polymer associations. The effect of the excess
of salt concentration and polymer concentration was investigated.

1. Introduction
In the present paper, dynamic and static light-

scattering experiments were performed on aqueous
solutions of the highly charged semiflexible polyelec-
trolyte chitosan. Chitin and chitosan are important
polysaccharides extracted from different sources (crabs
or shrimp shells, etc....). These polymers are composed
of â1f4 D-glucosamine units with a variable degree of
N-acetylation. When the average degree of N-acetylation
is lower than approximately 0.5, the polymers are called
chitosans, and they become soluble in aqueous solutions
in the presence of acids such as acetic acid.1

In solutions of polyelectrolytes, made from linear
flexible polymers, an essential parameter is the polymer
chain rigidity, which is strongly influenced by the ionic
strength and in particular by the polyelectrolyte con-
centration. Electrostatic repulsion between charges
along the chain will affect the local flexibility of the
chain and will tend to increase the global size of the
polyion. For polyelectrolytes the total persistence length,
Lt, is written as2

The total persistence length represents the effective
rigidity of the polyelectrolyte as the sum of two contri-
butions: the intrinsic persistence length L0 due to the
rigidity of the uncharged chain and the electrostatic
persistence length Le arising from the repulsion between
ionic sites. The value of the intrinsic persistence length
of the chitosan is estimated between 50 and 150 Å;1 the
rigidity of this polymer is quite important even in high
ionic strength solutions. For polysaccharides the elec-
trostatic contribution Le is easily much smaller than the
intrinsic contribution L0. This is the reason chitosan and
polysaccharides, in general, are called semirigid or rigid
polymers. Several workers2-5 have calculated the elec-
trostatic contribution to the persistence length Le. Odijk2

and Skolnick and Fixman,3 assuming a Debye-Hückel
potential, if the condensation model applies,6 have
derived a formula giving Le

where lB is the Bjerrum length (lB ) e2/ε0kT ) 7.13 Å
in water, ε0 is the dielectric permittivity of the solvent,
and e is the elementary charge) and κ-1 is the Debye-
Hückel screening length related to the concentration of
the counterions. The structural charge parameter λ0 )
1.3 in our case1 (λ0 ) e2/ε0kTa, a being the distance
between two ionic sites).

In eq 3, c is the concentration of the noncondensed 1:1
counterions. Equation 2 is valid if κLt . 1, which is true
for polyelectrolytes near the rod limit or at least for
polyelectrolytes having a high intrinsic stiffness. Since
chitosan has a larger intrinsic persistence length L0
than the electrostatic persistence length Le (at least for
external salt concentration larger than 3 × 10-3 M), this
polymer is characterized by a high rigidity, even in the
high ionic strength solutions (κ-1 small).

In the present paper, we report the results of the
light-scattering experiments performed on 0.3 M acetic
acid solutions of a 190 000 semiflexible polyelectrolyte
chitosan for polymer concentrations ranging from 10-4

to 4 × 10-3 g/cm3, for excess of salt concentrations
(sodium acetate) ranging from 0.05 to 0.2 M and at a
temperature T ) 25 °C. In the dilute regime, typical
good solvent behavior is found. However, in the over-
lapped regime, the time autocorrelation function of the
scattered electric field measured by dynamic light
scattering is found to be bimodal. A double exponential
correlation function is interpreted as consisting of two
relaxations: a fast relaxation and a slow relaxation.
Over the past two decades, these general effects have
been reported for nearly all classes of charged macro-
molecular systems: charged biological polymers,7-10

synthetic polyelectrolytes in aqueous, and no aqueous
solutions.11-23 There has been some debate about whether
the slow mode of diffusion often reported for dynamic
light-scattering experiments on polyelectrolyte solutions
corresponds to the formation of domains,20,21 aggre-
gates,22,23 or supramolecular structures7-9,13-17 or gives
evidence of a reptation mechanism.11 The fast mode has
been attributed to coupled diffusion of polyions and low-
molecular-weight counterions7,10,11 or thermally excited
displacements of polymer segments between entangle-

κ
2 ) 8πlBc (3)

Lt ) L0 + Le (1)

Le ) 1
4κ

2lB

for λ0 > 1 (2)
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ments.13 To understand the origin of the fast and the
slow mode, the scattering wave vector q dependencies
for the scattering intensity and for the amplitudes and
characteristic times associated with the relaxation
modes must be carefully analyzed. This can be done by
a combination of the static and the dynamic light-
scattering techniques, which provides a powerful tool
to better understand the physical mechanisms that are
at the origin of dynamical behavior of this semirigid
polyelectrolyte system. The slow mode is interpreted as
reflecting the diffusion of polymer associations, whereas
the fast mode relaxation results from the cooperative
diffusion of the meshes of the polymer network.

In section 2 of the paper, we describe materials and
experimental techniques used in this study. In section
3, we report the results of the experiments and discuss
these results.

2. Materials and Methods
2.1. Sample Characteristics. We have investigated solu-

tions of the 190 000 polysaccharide chitosan, which is a
semirigid polyelectrolyte. The polysaccharide chitosan belongs
to a family of linear cationic biopolymers obtained from
alkaline N-deacetylation of chitin, which is the second most
abundant polymer in nature. The studied chitosan is a 190 000
commercial polymer from PROTAN composed of â 1f4 D-
glucosamine units with a degree of N-acetylation equal to 12%.
The polydispersity was determined using GPC experiments
and is equal to the ratio Mw/Mn ) 1.3, where Mw is the weight-
average molecular weight and Mn the number-average molec-
ular weight.1 The contour length is equal to 6000 Å. In acid
conditions, chitosan is water-soluble due to the presence of
protonated amino groups and it exhibits a polyelectrolyte
character. The solutions were investigated in the polymer
concentration range 1 × 10-4 to 4 × 10-3 g/cm3 at the
temperature T ) 25 °C and in the solvent 0.3 M acetic acid
(CH3COOH) in the presence of sodium acetate (CH3COONa).
The concentration of sodium acetate (excess of salt) was
varying between 0.05 and 0.2 M. For a 0.3 M concentration in
acetic acid, all the amino groups are protonated and chitosan
exhibits a high polyelectrolyte character.1

To carry out static and dynamic light-scattering experiments
all the solutions were filtered directly into the light-scattering
cells through 0.1 or 0.2 µm Sartorius cellulose nitrate mem-
branes. No aging effects were observed with our solutions.

2.2. Viscosity Measurements. Viscosity measurements
were made with a Low Shear 30 coaxial viscometer. This
allowed measurements to be made on the Newtonian plateau.
The viscosity measurements were made in the range of
polymer concentration from 10-4 to 4 × 10-3 g/cm3, which
includes the domain over which the light-scattering experi-
ments were performed.

2.3. Static Light Scattering. Static light-scattering (SLS)
and dynamic light-scattering (DLS) experiments were per-
formed by means of a spectrometer equipped with an argon
ion laser (Spectra Physics model 2020) operating at λ ) 488
nm, an ALV-5000 correlator from ALV, Langen-FRG Instru-
ments, a computer-controlled and stepping-motor-driven vari-
able-angle detection system and a temperature-controlled
sample cell. The temperature was (25 ( 0.1)°C unless other-
wise noted. The scattering spectrum was measured through a
band-pass filter (488 nm) and a pinhole (200 µm for the static
experiments and 100 or 50 µm for the dynamic experiments)
with a photomultiplier tube (ALV).

In the SLS experiments one measures the excess of scat-
tered intensity I(q) with respect to the solvent, where the
magnitude of the scattering wave vector q is given by

In eq 4, n is the refractive index of the solvent (1.34 for the

water at 25 °C), λ is the wavelength of light in the vacuum,
and θ is the scattering angle. In our experiments, the scat-
tering angle θ has been varied between 20 and 150°, which
corresponds to scattering wave vectors q in the range 6 × 10-4

to 3.2 × 10-3 Å-1. Corrections to the absolute scattering
intensities I(q) (i.e., excess Rayleigh ratio) were made using a
toluene sample reference for which the excess Rayleigh ratio
is well-known.

One can use a virial expression for the osmotic pressure in
dilute regime to deduce the following relation

where, for example, the function Q(q,c) is approximately unity
for flexible polymer chains, but not for spheres,24 Q(0,c) is equal
to 1 in any case. c is the polymer concentration and A2 is the
second virial coefficient, which describes the polymer-solvent
interactions. The scattering constant is K ) 4π2n2(dn/dc)2/NAλ4

where dn/dc is the refractive index increment and NA is
Avogadro’s number. The dn/dc of the polysaccharide chitosan
in the solvent 0.3 M acetic acid + sodium acetate is equal to
0.195.1 Plots of c/I(q,c) vs q2 were extrapolated to q ) 0 to give
intercepts c/I(0,c). For infinite dilute solutions, the average
radius of gyration RG can be determined from the intercept
and the initial slope of these plots using a scattering inverse
Lorentzian law of the form24

The weight-average molecular weight24 Mw can be obtained
using

2.4. Dynamic Light Scattering. In the dynamic light-
scattering experiments (DLS), the normalized time autocor-
relation function g(2)(q,t) of the scattered intensity is mea-
sured.24

The latter can be expressed in terms of the field autocorrela-
tion function or equivalently in terms of the autocorrelation
function of the concentration fluctuations g(1)(q,t) (i.e., the time
autocorrelation function of the scattered electric field) through

where A is the baseline and â the coherence factor which in
our experiments is equal to 0.7-0.9. The normalized dynamical
correlation function g(1)(q,t) of polymer concentration fluctua-
tions is defined as

where δc(q,t) and δc(q,0) represent fluctuations of polymer
concentration at time t and zero, respectively.

In our experiments, the inspection of the angular depen-
dence shows that the relaxation in dilute regime is diffusive
with characteristic time inversely proportioned to q2. Our
dilute solutions were characterized by a single relaxation
mechanism. For these solutions we have adopted the classical
cumulant analysis.25 This analysis provides the variance of the
correlation function and the first reduced cumulant (τq2)-1

where τ is the average relaxation time of g(1)(q,t). The extrapo-
lation of (τq2)-1 to q ) 0 yields the values of the mutual
diffusion constant D. The latter is related to the average
hydrodynamic radius RH of the macromolecules through

Kc
I(q,c)

) 1
Mw

[1 + q2RG
2

3
+ ...] + 2A2Q(q,c)c + ... (5)

c
I(q,c)

) c
I(0,0)[1 +

q2RG
2

3 ] with c f 0 (6)

Kc
I(0,c)

) 1
Mw

+ 2A2c (7)

g(2)(q,t) )
〈I*(q,0)I(q,t)〉

〈I(q,0)〉2
(8)

g(2)(q,t) ) A + â|g(1)(q,t)|2 (9)

g(1)(q,t) )
〈δc*(q,0)δc(q,t)〉

〈δc(q,0)2〉
(10)

q ) 4πn
λ

sinθ
2

(4)
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where k is the Boltzman constant, ηs the solvent viscosity, and
T the absolute temperature.

Figure 1 shows log-log plots of g(1)(q,t) for solutions of
chitosan at two different polymer concentrations in the solvent
0.3 M CH3COOH + 0.05 M CH3COONa and at T ) 25 °C.
The scattering angle θ is equal to 90°. The two polymer
concentrations are 3 × 10-4 and 2 × 10-3 g/cm3. In the low
concentration range, g(1)(q,t) is a single exponential, whereas
at higher concentration, the autocorrelation function of scat-
tered electric field can be described by a sum of two relaxations
widely separated in time (see Figures 1 and 2).

Efast(q,t) and Eslow(q,t) are respectively the fast and the slow
electric scattered field and are fluctuating independently. τfast

and τslow are respectively the fast and the slow relaxation time.
Afast(q) and Aslow(q) are the corresponding amplitudes. As
shown later on, the systems for which a single relaxation
process is observed correspond to the dilute regime, whereas
the other systems characterized by a double relaxation are
overlapped solutions. Similar results are observed for the three
investigated ionic strengths.

In the overlapped regime, characterized by two distinct
relaxation processes, we proceed as follows: first we plot in
semilog coordinates the function g(1)(q,t) obtained by means
of eq 9. An example is given in Figure 2 relative to a 0.3 M
CH3COOH + 0.05 M CH3COONa solution of chitosan at c ) 2
× 10-3 g/cm3. The scattering angle θ is equal to 90°. One clearly
sees in the long time scale an asymptotic behavior that can
be described to the first approximation by a straight line. From
the slope and the intercept of the straight line we can
determine the slow relaxation time τslow and the corresponding
relative amplitude Aslow. The first cumulant associated with
the fast mode τfast can be obtained from the initial slope of g(1)-
(q,t). In the case of the dilute solution at c ) 3 × 10-4 g/cm3,
we only see one relaxation.

Another method to determine τslow and τfast is the Contin
method based on the inverse Laplace transform of g(1)(q,t).26

If the spectral profile of the scattered light can be described
by a multi-Lorentzian curve, then g(1)(q,t) can be written as

where G(Γ) is the normalized decay constant distribution. This
method is more appropriate for solutions characterized by
several relaxations mechanisms (e.g., a mixture of polymers
and aggregates or solutions characterized by two relaxation
times). For commodity, we were also using the Contin method.26

Figure 3 shows a typical example of results obtained by
applying the Contin method to our data for a dilute and an
overlapped solution. We clearly distinguish slow and fast
modes well separated in time for overlapped solutions. It is
found to a quite good accuracy that the relaxation times
obtained from Contin method coincides with the relaxation
times obtained from the method described earlier (Figure 2).

3. Results and Discussion
3.1. Static Light Scattering in Dilute Regime. A

classical graphical technique for simultaneously ex-
trapolating light-scattering data in the dilute regime to
both zero angle and zero concentration is the Zimm plot.
This is achieved by plotting Kc/I(q,c) as a function of q2

+ 10c as shown in Figure 4 where K is the scattering
constant (see eq 5) and the factor 10 a chosen constant

to give a convenient spacing of the data points on the
graph. The concentrations used for the Zimm plot are
in dilute regime and are respectively equal to c ) 10-4,
2 × 10-4, 3 × 10-4, and 4 × 10-4 g/cm3. The solvent is
a 0.3 M CH3COOH + 0.05 M CH3COONa solution, and
the temperature is equal to 25 °C. The data points on
the grid corresponding to a given angle are then
extrapolated to zero concentration, and similarly the
points at a given concentration are extrapolated to zero
angle. The inverse of the weight-average molecular
weight, Mw, is obtained from the intercept of the q2 ) 0
curve, according to eq 14, and the second virial coef-
ficient, A2, is obtained from the slope (2A2 ) slope).

The intercept of the c ) 0 curve again gives the inverse
of the molecular weight, and the initial slope is propor-
tional to the radius of gyration as described by the
following equation:

D ) kT
6πηsRH

) ( 1
τq2)

q2)0
(11)

g(1)(q,t) )
〈E*fast(q,0)Efast(q,t)〉 + 〈E*slow(q,0)Eslow(q,t)〉

〈I(q)〉

g(1)(q,t) ) Afast(q) exp( -t
τfast

) + Aslow(q) exp( -t
τslow

) (12)

g(1)(q,t) ) ∫0

∞
G(Γ) exp(-Γt) dΓ (13)

Figure 1. A log-log representation of g(1)(q,t) for θ ) 90°
relative to 0.3 M CH3COOH + 0.05 M CH3COONa solutions
of chitosan at T ) 25 °C and at polymer concentrations c ) 3
× 10-4 g/cm3 (O) and c ) 2 × 10-3 g/cm3 (b).

Figure 2. Semilog representation of g(1)(q,t) for θ ) 90°
relative to 0.3 M CH3COOH + 0.05 M CH3COONa solutions
of chitosan at T ) 25 °C and at polymer concentrations c ) 3
× 10-4 g/cm3 (O) and c ) 2 × 10-3 g/cm3 (b). The straight line
represents the fit in the long time scale for the more concen-
trated solution at c ) 2 × 10-3 g/cm3.

(Kc
I )q2 ) 0

) 1
Mw

+ 2A2c (14)
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For the average weight molecular weight and the radius
of gyration, we find Mw ) (194000 ( 5000) and RG )
(70 ( 10) nm, respectively. The determined value of the
molecular weight is in very good agreement with the
commercial one. The value of the radius of gyration is
pretty high, characteristic of semirigid polymer. The
ratio of the hydrodynamic radius (RH ) 48 nm) and the
radius of gyration is equal to 0.68 (see paragraph 3.3
and Table 1 for the determination of the hydrodynamic
radius). Actually this ratio is equal to 0.8 for flexible
monodisperse Gaussian chains27 in a Θ solvent. Note
that the polydispersity of our polymer is equal to 1.3
and that we are in a good solvent. For polydisperse,
flexible chain in a good solvent this ratio can be as low
as 0.54.28 The positive sign of the second virial coef-
ficient, A2 ) (4.47 ( 0.50) × 10-3 cm3‚g-2‚mol, indicates
that at these conditions the 0.3 M CH3COOH/ 0.05 M
CH3COONa medium is a good solvent for chitosan.
Actually the value of the second virial coefficient is
increasing with the decrease of the excess salt concen-
tration (see Table 1).1 A similar trend in the dependence
of the second virial coefficient of polyelectrolytes on the

salt concentration was observed in previous scattering
experiments.29 The increase of the second virial coef-
ficient is characteristic of the increase of the expansion
of the polyelectrolyte chain and electrostatic repulsion
interaction. We will see in part 3.3 that the behavior of
the second dynamical virial coefficient kD with the
excess salt concentration is similar. Values of RG and
A2 for the three studied salt concentrations are collected
in Table 1.

The static light-scattering data obtained for more
concentrate solutions are shown in the next part.

3.2. Combined Static and Dynamic Light Scat-
tering. Another interesting discussion can be made by
examination of the behavior of the relative amplitudes
Aslow and Afast. The sum of the amplitudes of the two
modes is equal to 1.

It is worth noting that in fact these amplitudes are
dependent on the scattering wave vector q, as shown
in Figure 5. Figure 5a shows the q dependence of the
ratio Aslow/Afast for a 0.3 M CH3COOH + 0.05 M CH3-
COONa solution of chitosan at a concentration c ) 2 ×
10-3 g/cm3 and at a temperature T ) 25 °C. The
variation of Aslow/Afast extrapolated at zero-wave vector
with the polymer concentration can be observed in
Figure 5b. A similar behavior is observed for the two
other salt concentrations. At fixed polymer concentra-
tion, no variations of the slow relative amplitude with
the investigated salt concentrations were distinguished.

These amplitudes of the two modes measured by
dynamic light scattering can be used to analyze the
static light-scattering results.30 Defining Ifast(q) and Islow-
(q) as the time average intensities associated with the
fluctuations of polymer concentration with respectively
short and long relaxation times and using the normal-
ization condition

we obtain

with

The dependence on polymer concentration of the total
scattered intensity Itotal(q ) 0), of the scattered intensity
associated with the fast decay mode Ifast(q ) 0) and of
the scattered intensity associated with the slow decay
mode Islow(q ) 0), is shown in Figure 6. The intensities
are extrapolated to zero wave vector, the solvent is a
0.3 M CH3COOH + 0.05 M CH3COONa solution, and
the temperature is still equal to 25 °C. Ifast(q ) 0) and
Islow(q ) 0) are only plotted for polymer concentrations
larger than the concentration c*, where slow and fast
modes are observed. As shown later on, the systems for
which a single relaxation process is observed correspond
to the dilute regime, whereas the other systems char-
acterized by a double relaxation are overlapped solu-
tions. It is worth noting that the total and the slow
intensities are increasing with polymer concentration
even after the overlap concentration c* is reached. For

Figure 3. Normalized distribution function of decay times
A(t) for θ ) 90° obtained using the Contin method for 0.3 M
CH3COOH + 0.05 M CH3COONa solutions of chitosan at
polymer concentrations c ) 3 × 10-4 g/cm3 (O) and c ) 2 ×
10-3 g/cm3 (b).

Figure 4. Zimm plot of the polyelectrolyte chitosan at T )
25 °C. The solvent is a 0.3 M CH3COOH + 0.05 M CH3COONa
solution. Points (O) are extrapolations to zero wave vector, and
solid lines represent best fits.

(Kc
I )

c)0
) 1

Mw
[1 +

q2RG
2

3 ] (15)

Afast(q) + Aslow(q) ) 1 (16)

g(1)(q,0) ) Afast(q) + Aslow(q) (17)

Ifast(q) ) Afast(q)I(q)

Islow(q) ) Aslow(q)I(q) (18)

Ifast(q) + Islow(q) ) I(q) ) Itotal(q) (19)
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the variation of the fast intensity with polymer concen-
tration, we observe a slight decrease. We will see in the
next part that the variations of Itotal(q ) 0) in dilute
regime and of Ifast(q ) 0) with polymer concentration
are typical for neutral polymer solutions in the dilute
and in the semidilute regime, the transition between
these two regimes occurring at the concentration c*.

3.3. Single Relaxation Mode and Fast Relaxation
Mode. The inspection of Figure 7, representing the
variation of the product τfastq2 with q for different
polymer solutions shows clearly that the fast mode is a
diffusive one with characteristic time τfast inversely
proportioned to q2. In the dilute regime only one
cooperative mode is observed. Thus, it is possible to
calculate for each polymer concentration a diffusion
coefficient D using eq 11.

Figure 8 shows the polymer concentration dependence
of D for 0.3 M CH3COOH + CH3COONa solutions of
chitosan at T ) 25 °C. Three excess of salt concentra-
tions (three ionic strengths) were investigated: 0.05, 0.1,
and 0.2 M. The diffusion coefficient increases slowly
with c at first, then more rapidly as c[η] exceeds about
unity (and where the two modes appear), where [η] is
the intrinsic viscosity of the solution and η the solution

viscosity

Values of [η] for the different studied excesses of salt
concentration are collected in Table 1.

In dilute polyelectrolyte solution regime, character-
ized by a single diffusive relaxation, it is observed that
the apparent diffusion coefficient D measured is a linear
function of the polyelectrolyte concentration

Table 1. Variation of the Dynamic Second Virial Coefficient, of the Diffusion Coefficient at Infinite Dilution, of the
Hydrodynamic Radius, of the Radius of Gyration, of the Second Virial Coefficient, of the Overlap Concentration c*

Deduced from Figure 8, and of the Intrinsic Viscosity as a Function of the Excess of Salt Concentration (Sodium
Acetate) for 0.3 M Acetic Acid Solutions of Chitosan at Temperature T ) 25 °C

[CH3COONa]
(M)

kD
(cm3/g)

10-6D0
(nm2/s)

RH
(nm)

RG
(nm)

103A2
(cm3‚g-2‚mol)

c*
(g/cm3)a

[η]
(cm3/g)

0.05 588 ( 60 5.1 ( 0.5 48 ( 4 70 ( 10 4.47 ( 0.50 (5.5 ( 0.5) × 10-4 1200 ( 100
0.1 300 ( 30 6.5 ( 0.5 38 ( 4 54 ( 8 2.70 ( 0.20 (6.5 ( 0.5) × 10-4 1100 ( 100
0.2 37 ( 5 8.6 ( 0.5 29 ( 4 42 ( 6 1.10 ( 0.10 (1 ( 0.05) × 10-3 900 ( 100

a Deduced from Figure 8.

Figure 5. Scattering wave vector dependence (a) of Aslow/Afast
for a c ) 2 × 10-3 g/cm3 solution and polymer concentration
dependence (b) of Aslow/Afast (q2 ) 0). The solvent is a 0.3 M
CH3COOH + 0.05 M CH3COONa solution at temperature T
) 25 °C. The dashed line in plot a represents the fit of the
data.

Figure 6. Dependence of the total scattering intensity (b),
of the scattering intensity associated with the fast mode (O)
and of the scattering intensity associated with the slow mode
(4) on the polymer concentration. The intensities are extrapo-
lated to zero-wave vector and the solvent is a 0.3 M CH3COOH
+ 0.05 M CH3COONa solution at temperature T ) 25 °C. The
vertical dashed line represents the transition between dilute
and overlapped regime.

Figure 7. Variation of τfastq2 with q measured in 0.3 M CH3-
COOH + 0.05 M CH3COONa solutions with the following
polymer concentrations: c ) 1 × 10-3 g/cm3 (b), c ) 1.5 × 10-3

g/cm3 (O), c ) 2 × 10-3 g/cm3 (9), and c ) 3 × 10-3 g/cm3 (4).

[η] )
η - ηs

ηsc
c f 0 (20)
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with D the apparent diffusion coefficient, D0 the
apparent diffusion coefficient at infinite dilution, kD the
diffusion second virial coefficient, and c the polyelec-
trolyte concentration. The separation between the dilute
virial regime and the overlapped regime is characterized
by the critical overlap concentration c*, i.e., when c[η]
is about unity.31 The polyelectrolyte concentration de-
pendence of the apparent diffusion coefficient is linear
for all conditions employed (three ionic strengths) and
shows that the virial expansion can be limited to the
second virial coefficient in the dilute concentration
range. The positive sign of the kD indicates that the
medium is a good solvent for chitosan. Figure 8 shows
that on decreasing the ionic strength (salt concentration)
the polyelectrolyte concentration dependence of the
apparent diffusion coefficient becomes stronger. The
obtained values for D0 and kD with linear least-squares
best fits are collected in Table 1. With decreasing ionic
strength (salt concentration), D0 becomes smaller due
to expansion of the polyelectrolyte coil. Using the
Stokes-Einstein equation (see eq 11), we can calculate
the hydrodynamic radius RH using the value of D0.
Values of RH for the three studied ionic strengths are
also reported in Table 1. The dependence of kD on salt
concentration is predicted by the small ion-polyion
coupled mode theory, as reviewed by Schurr and
Schmitz.32 The molecular theory of Imai and Mandel33

also predicts this. These authors showed that kD is
proportional to the inverse of the salt excess concentra-
tion. This kD dependence with salt concentration was
experimentally found by Smits et al.34 and by Tanahatoe
et al.29 for linear highly charge polyelectrolyte and is
also in good agreement with our data.

The overlap concentration can be estimated from
Figure 8 (values of c* are collected in Table 1). This
concentration corresponds to the transition between the
two regimes observed in the curves characterizing the
variation of the diffusion coefficient with polymer
concentration. After the overlap concentration c* (solu-
tions are characterized by two relaxations), the fast

diffusion coefficient derived from the fast relaxation
increases consequently with polymer concentration as
shown in Figure 8. In this regime, the variation of the
fast diffusion coefficient with polymer concentration can
be described by a power law depending on the ionic
strength: D ≈ c0.99, D ≈ c0.78, and D ≈ c0.65 for sodium
acetate concentration (CH3COONa) equal to 0.05, 0.1,
and 0.2 M, respectively. The experimental error on the
exponent values is equal to 10%. Moreover, the intensity
associated with the fast mode extrapolated to zero wave
vector Ifast(q ) 0) is decreasing with polymer concentra-
tion in the overlapped regime. Since the decrease is
small, it is difficult to fit the data and obtain a power
law describing the variation of Ifast(q ) 0) with c (see
Figure 6).

de Gennes developed a scaling theory for semidilute
solutions in thermodynamically good solvents.31 The
main prediction of this theory is that the dynamical
behavior of the solution can be described in terms of a
single characteristic length, that is, the correlation
length ê. Then the cooperative diffusion coefficient D is
given by

where êH is the hydrodynamic correlation length that
scales like the static correlation length ê and ηs is the
solvent viscosity. The correlation length ê and conse-
quently the cooperative diffusion coefficient D follow
simple scaling laws to dilution according to31

Further information on the concentration dependence
of the correlation length is given by the zero-q limit of
the scattered intensity. In the semidilute regime, the
scattered intensity becomes independent of the molec-
ular weight and its contribution dependence can be
described by a power law of the form31

still assuming good solvent conditions.
In the overlapped regime, our results show that the

variations of D and Ifast(q ) 0) with polymer concentra-
tion for 0.1 and 0.2 M added salt solutions are consistent
with the behavior expected for a semidilute solution in
good solvent. In this regime the fast diffusion coefficient
follows a power law, with a power law that depends on
the ionic strength. In the 0.05 M added salt CH3COONa
solution, the diffusion coefficient can be characterized
by an exponent equal to 0.99, larger than the theoretical
value for neutral polymer. For this salt concentration,
all the charges may not be screened even if this salt
concentration is not small and close to 0.1 and 0.2 M.
To our knowledge, there is no theoretical model predict-
ing the variation of the diffusion coefficient with polymer
concentration for not screened or not totally screened
polyelectrolyte solutions. The fast mode should cor-
respond to the contribution of an overlapped solution,
and the associated fluctuations of concentration relax
by a cooperative diffusion mechanism of the meshes of
the network. Using the Stokes-Einstein equation (see
eq 22), the calculated mesh size of the network (êH)
ranges between 30 and 7 nm in the investigated
concentration range (see Figure 10). So experiments
were done in the regime where the mesh size is larger

Figure 8. Dependence of the diffusion coefficient on the
polymer concentration for three excesses of salt concentra-
tions: 0.05 M (b), 0.1 M (O), and 0.2 M (4). Black lines
represent fits of the data in the overlapped regime and dashed
lines represent linear least squares best fits in the dilute virial
regime. In the overlapped regime (when D is strongly increas-
ing with c) D values are obtained from the fast relaxation time.
The experimental error is equal to 10%.

D ) D0(1 + kDc + ...) (21)

D ) kT
6πηsêH

(22)

ê ≈ c-0.77 and D ≈ c0.77 (23)

I(0) ≈ c-0.31 (24)
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than the persistence length for almost the whole inves-
tigated concentration range. Values of êH as a function
of the polymer concentration are plotted in Figure 10.
One can estimate the static correlation length ê from
Ifast(q,c) for each polymer concentration in the semidilute
regime.

For the 0.3 M CH3COOH + 0.05 M CH3COONa system,
the value of the correlation length was determined for
polymer concentration equal to 6 × 10-4, 10-3, and 1.5
× 10-3 g/cm3. For larger concentrations, the size associ-
ated with the fast mode is too small to exhibit a q
dependence of Ifast(q,c) in the q range investigated by
light scattering. Values of ê are also plotted in Figure
10. These values are in very good agreement with the
êH values determined from dynamic light-scattering
measurements.

3.4. Origin of the Slow Mode. The slow relaxation
mode appears only for polymer concentrations larger
than the overlap concentration c*. Slow relaxation times
are characterized by a stronger q dependence (Figure

9) than that found for the fast relaxation mode. This
dependence can be described by a power law behavior
with exponents ranging between -2 and -2.8 depend-
ing on the polymer concentration. These results are
observed for the three studied salt concentrations. At
fixed polymer concentration, no variations of the relative
slow amplitude with ionic strength were observed. Note
that the three salt concentrations are very close. Figure
9 shows the variation of the slow relaxation time with
q for a 0.3 M CH3COOH + 0.05 M CH3COONa solution
of chitosan at a polymer concentration c ) 2 × 10-3

g/cm3 and at the temperature T ) 25 °C. In this example
the dependence of the slow relaxation time with q is
described by a power law characterized by an exponent
equal to -2.5. Variations of τslow with q for the other
concentrations are not plotted in Figure 9 for clarity.
When the polymer concentration is increased, the slow
relaxation time is also increased.

The presence of a slow mode is not an uncommon
feature and has been observed in many different sys-
tems including low ionic strength polyelectrolyte solu-
tions,20 high ionic strength polyelectrolyte solutions,22,23

associating polymer solutions,30 linear neutral polymer
systems in good35 and Θ solvents36 and nearly all classes
of charged macromolecular systems in dilute and in
concentrate solutions. Although the generic name of
slow mode is widely used, its physical origin may differ
according to the system considered. In particular,
dynamic coupling of elementary processes, coupling of
stress and polymer concentration fluctuations,35 or
diffusion of large particle aggregates22,23 or of polymer
domains20 are possible mechanisms that might be
responsible for a slow component in the time autocor-
relation function of the scattered electric field. However,
in the present study the slow mode appears only for
polymer concentrations larger than the overlap concen-
tration c*, the dilute solutions showing a classical good
solvent behavior (see part 3.3). Moreover, our experi-
ments were carried out under high ionic strength
polyelectrolyte solutions (0.05, 0.1, and 0.2 M excesses
of salt concentration solutions) where long-range elec-
trostatic interactions are certainly screened. The varia-
tions of the relative slow amplitude (Figure 5a), varia-
tions of the slow relaxation time (Figure 9) as a function
of scattering wave-vector, and variations of the slow
amplitude (Figure 5b) and of the associated scattering
intensity (Figure 6) with the polymer concentration
should help us to decide which mechanism is suitable
for a given system.

In the present case we have showed that the slow
amplitude, Aslow, and the slow relaxation time, τslow, are
q-dependent. In fact, in the semidilute regime, the
network is deformed when fluctuations of polymer
concentration are relaxing cooperatively.35,37-40 This
network deformation is responsible for a local stress
fluctuation relaxing on a much longer time scale. The
amplitude of this viscoelastic relaxation is directly
related to the ratio of the elastic and osmotic modulus.37

However, an experimental study of Buhler et al.35 and
detailed derivations of this model38-40 show no q de-
pendence for the slow viscoelastic relaxation time and
for the associated slow relative amplitude, contrary to
our results. Moreover, the increase of Aslow with the
decrease of q, the increase of Islow(q ) 0) and of Aslow(q
) 0) with polymer concentration suggest that the slow
mode is due to the formation of aggregates, associations
or domains. An alternative, in which the slow mode

Figure 9. Variation of the slow characteristic time with q
measured in 0.3 M CH3COOH + 0.05 M CH3COONa solution
with polymer concentration c ) 2 × 10-3 g/cm3.

Figure 10. Variation of the apparent radius of gyration of
the chains in dilute regime (RG)app,chain (b), of the associations
in overlapped regime (RG)slow,app (O), of the correlation length
ê (9), and of the hydrodynamic correlation length êH (4) with
polymer concentration for 0.3 M CH3COOH + 0.05 M CH3-
COONa solutions at temperature T ) 25 °C. The dashed line
represents the transition between dilute and overlapped
regime.

Ifast(q,c) ) Ifast(0,c)(1 - q2ê2) (25)
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arises from long-range electrostatic interactions, would
also undergo dramatic reduction in the intensity, not
observed in this study. Such results are consistent with
the model where the slow relaxation is considered to
be due to aggregates, to large objects or to multichain
domains that are diffusing in the solution. In the case
of multichain domains, we can describe the q depen-
dence of the slow relaxation time as

where D′ is a diffusion coefficient, R′G,app an apparent
radius of gyration of the domains, and A a constant
depending on the structure and the polydispersity of the
domains. This approach was used to analyze experi-
ments realized on polyelectrolyte solutions.16 Equation
26 could explain the q dependence of τslow in our
experiments, i.e., τslow ∼ q-x, with x ranging between 2
and 2.8 depending on the polymer concentration. Pres-
ence of associations seems very likely in solutions where
associations through hydrophobic interactions are pos-
sible.41 So we have checked the effect of the degree of
N-acetylation of chitosan, and no changes in the auto-
corration function were observed. So the degree of
N-acetylation is not related to any polymer associations
or multichain domains.

The results of Tanahatoe et al.22,23 are closer to our
results. The authors have studied semidilute solutions
of the flexible highly charged polyelectrolyte sodium
polystyrenesulfonate with dynamic light scattering over
a wide polyelectrolyte concentration range. Double
exponential correlation functions were also measured.
The apparent fast and slow diffusion coefficients were
determined for three ionic strengths. The slow diffusion
coefficient depends on the polymer concentration and
on the ionic strength over the whole studied concentra-
tion range. The slow mode was interpreted as caused
by aggregates or domains that form in semidilute and
concentrate solutions. The dimensions of these ag-
gregates decrease with decreasing polyelectrolyte con-
centration and with increasing ionic strength.23,42 In the
aggregates or large domains approach, the scattering
intensity associated with the slow mode Islow(q,c) can
be analyzed as

where cslow is the concentration related to the slow mode
(the aggregates concentration). The sum of cslow and cfast
(the concentration associated with the fast mode) is
equal to the total polymer concentration c

RG,slow is the radius of gyration of the aggregates or
associations. In the aggregates or some state of associa-
tions model, the slow mode scattering may well arise
from a small fraction of higher molecular weight com-
ponents, of unknown concentration cslow and mass
Mw,slow. Figure 10 shows the variation of the apparent
radius of gyration of the aggregates with polymer
concentration for 0.3 M CH3COOH + 0.05 M CH3-
COONa solutions at T ) 25 °C. In Figure 10 are also
plotted the correlation length in semidilute regime and
the apparent radius of gyration of the polymer chain in
the dilute regime. The apparent radius of gyration of

the single chain in dilute regime is slightly decreasing
with polymer concentration as expected for dilute solu-
tions in good solvent with RG,chain invariant with c. The
apparent radius of gyration of the aggregates (RG)slow,app
was determined using the following relation

where Islow(0,cslow) is the slow scattering intensity at zero
angle and (RG)slow,app is an apparent radius of gyration
for the domains or the aggregates. Data reveal (RG)slow,app
values of 70 ( 10 nm over the whole overlapped regime.
The concentration dependence of (RG)slow,app requires
care. Actually the real radius of gyration of the associa-
tions or aggregates RG,slow is larger than the apparent
one

(RG
2)slow,app might approximate (RG

2)slow only if 2A2-
Mw,slowcslow , 1. Actually we cannot ignore the effect of
the huge virial coefficient A2 determined in part 3.1. So
even if the aggregates are considered to be dilute, i.e.,
cslow , c, the factor 2A2Mw,slowcslow cannot be neglected,
and then the real radius of gyration of the associations
must be larger than 70 nm and is increasing with
polymer concentration.

First of all, note that no differences between the 0.1
and 0.2 µm filtration measurements were made. The
slow mode is not eliminated and is almost not altered
quantitatively in character by different filtrations and
does regain a definite well-characterized state. This is
the reason we think the slow mode is related to physical
associations or domains in semidilute solutions. In the
present work the slow relaxation time presents an
approximately q2 dependence (see Figure 9), character-
istic of a cooperative diffusion mechanism. In analogy
with dilute polymer solutions, we would write

where η is viscosity. For dilute polymer solution, η
would be the viscosity of the solvent and RH the
hydrodynamic radius of the polymer. Now we can argue
that if we are in the presence of large objects immersed
in an overlapped solution, the viscosity η of eq 31 should
be much larger than the solvent viscosity and should
tend to equal the macroscopic viscosity and RH should
represent the hydrodynamic radius of the polymer
associations. One can use eq 31 and the solution
viscosity to estimate the size of these associations. The
variation of the estimated apparent hydrodynamic
radius of the associations as a function of the polymer
concentration is represented in Figure 11 for the three
different ionic strengths studied. The dimensions of
these associations decrease with decreasing polymer
concentration and with decreasing ionic strength (a
decrease of the ionic strength is characteristic of a
decrease of the attractive van der Waals interactions).
A slow mode corresponding to associations or aggregates
is essentially not observed with solutions in good

tslow
-1(q) ) D′q2(1 + Aq2R′G,app

2) qR′G,app < 1 (26)

Kcslow

Islow(q,cslow)
) 1

Mw,slow
(1 + q2RG,slow

2

3 ) + 2A2cslow (27)

cslow + cfast ) c (28)

Islow(q,cslow) ) Islow(0,cslow)[1 - 1/3q
2(RG

2)slow,app]
q(RG)slow,app , 1 (29)

(RG
2)slow,app )

3∂[Islow(0,cslow)

Islow(q,cslow)]
∂q2

)
(RG

2)slow

1 + 2A2Mw,slowcslow

(30)

τslow
-1 ) kT

6πη
q2

RH
(31)
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solvents, but rather requires a solution under Θ condi-
tions with A2 ≈ 0 to be a dominant effect. A slow mode
is also usually observed in low ionic strength solution.
So we think the high rigidity of chitosan could be related
to some state of physical polymer associations in sem-
idilute regime.

4. Conclusion

We have presented the results of the light-scattering
study of semiflexible polyelectrolyte chitosan in high
ionic strength solutions.

In the dilute regime, typical good solvent behavior is
found (Figure 4). However, in the semidilute regime, the
time autocorrelation function of the scattered electric
field measured by dynamic light scattering is found to
be bimodal (Figure 1). To understand the origin of the
fast and the slow mode, the scattering wave vector
dependencies for the scattering intensity and for the
amplitudes and characteristic times associated with the
relaxation modes were carefully analyzed. Combination
of the static and dynamic techniques provides a power-
ful tool to better understand the physical mechanisms
that are at the origin of dynamical behavior of this
semirigid system (Figure 6). The short time relaxation
has a typical q2 dependence (Figure 7), characteristic
of diffusion and the long time relaxation an approxi-
mately q2 dependence (Figure 9). The fast mode is
attributed to the relaxation of polymer concentration
fluctuations characterized by a cooperative diffusion
mechanism of the polymer network meshes, i.e., the
correlation mesh.

The slow mode is attributed to the formation of
physical polymer associations in the semidilute regime.
We think the high rigidity of this polymer is related to
the origin of some state of associations. The dimensions
of these associations increase with increasing polymer
concentration. The apparition of associations is usually
not observed with solutions in good solvent character-
ized by a high ionic strength, but rather requires a
solution under Θ conditions or a solution under low ionic
strength conditions.

In this respect, combined static and dynamic light-
scattering techniques appear to be very powerful to
analyze the structural and dynamical behavior of semi-
rigid polymer systems. X-ray experiments are scheduled

to study the structure of these associations. Also new
experiments concerning the variation of the molecular
weight and of the persistence length in high and low
ionic strength solutions will be presented in a forthcom-
ing paper.
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Figure 11. Variation of the hydrodynamic radius of the
associations in the overlapped regime obtained with eq 31 with
polymer concentration for 0.3 M CH3COOH + CH3COONa
solutions. The concentration of excess of salt is equal to 0.05
M (b), 0.1 M (O), and 0.2 M (4).
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