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Aggregation Process in Dilute Solution

Catherine Esquenet and Eric Buhler*

Centre de Recherche sur les Macromolécules Végétales-CNRS, affiliated with Joseph Fourier

University, BP53, 38041 Grenoble, Cedex 9, France

Received March 14, 2001; Revised Manuscript Received May 9, 2001

ABSTRACT: We have examined the structure of hydrophobically modified chitosans in a selective aqueous
solution at T = 25 °C, i.e.,, a nonsolvent for the alkyl grafted chains and a good solvent for the
polyelectrolyte chitosan backbone. The behavior of the hydrophobically modified chitosan was investigated
using viscosity and static and dynamic light scattering. We observed three regions on the phase diagram
of the associative polymer in aqueous solution: (i) a supernatant phase (unimers phase) at low polymer
concentration; (ii) solutions of intermolecularly bridged “flowerlike” micelles at intermediate polymer
concentration; (iii) an associative gel phase at high polymer content. The aggregation process in dilute
regime was investigated using combined static and dynamic light scattering. In particular, the
concentration dependence of the aggregation number, of the micellar aggregates size, of the micelle
concentration, and of the unimer concentration is discussed.

1. Introduction

Over the past two decades hydrophobically modified
water-soluble polymers or so-called associating polymers
have found an increasing number of applications. Be-
cause of their extraordinarily viscosifying properties,
they are used as thickening agents in paints, in cosmet-
ics, for enhanced oil recovery,'> etc. These new materi-
als are water-soluble polymers bearing a small amount
of highly hydrophobic groups.5=8 Also, many studies
have been devoted to hydrophobically modified poly-
electrolyte polysaccharides, i.e., polysaccharides with
low levels of hydrophobic groups (i.e., 1—5%).9-11

Hydrophobically associating polyelectrolytes have
shown unusual rheological features and high solubili-
zation properties in aqueous media. These properties
arise from the inter- or intramolecular interaction
among hydrophobic groups, providing hydrophobic mi-
crodomains in an isotropic aqueous solution. The self-
association of hydrophobic groups covalently linked to
water-soluble polymers can occur either within a single
polymer chain or among different polymer chains, or
both. In highly dilute aqueous solutions, in general,
intrapolymer hydrophobe association may be favorable,
but with an increase in the polymer concentration,
interpolymer hydrophobe association tends to occur.
Polyelectrolyte polymers with a low level of hydrophobic
groups show a strong tendency for interpolymer as-
sociations even at very low polymer concentrations.!2
Polymers with a strong tendency for interpolymer
association may lead to a large increase in solution
viscosity with an increase in polymer concentration,
which may be followed by gelation upon further increas-
ing polymer concentration. In contrast, polymers with
a strong propensity for intrapolymer associations may
lead to the formation of a polymer micelle made up with
a single macromolecular chain (“unimolecular micelle”
or “unimermicelle”’3) independent of polymer concentra-
tion, yielding much less viscous aqueous solutions even
at very high polymer concentrations. The understanding
of hydrophobically modified polyelectrolyte polysaccha-
rides is another important challenge as they are often
encountered in many biological systems. Also, hydro-
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phobic associations occur in competition with electro-
static repulsions. However, theoretical works describing
the properties of associating polyelectrolytes are practi-
cally absent.14-16

In the present work, we have examined the structure
of hydrophobically modified chitosans (HMC) with a
hydrophobic substitution degree of 2%. The HMC con-
sists of alkyl chains grafted to the polyelectrolyte
backbone. In acid conditions, chitosan is water-soluble
due to the presence of protonated amino groups, and it
exhibits a polyelectrolyte character. The length and the
number of alkyl chains along the polycationic backbone
control the degree of hydrophobicity of HMC. In the
present paper, we report the results of the viscosity and
light scattering experiments performed on 0.3 M acetic
acid/0.05 M sodium acetate solutions of HMC for
polymer concentration ranging from 2 x 1076 to 7.5 x
1073 g/lcm3. We present also the light scattering study
of the aggregation process in dilute regime (regime
characterized by dilute micellar aggregates). Also, a
partial phase diagram length of the alkyl side chains—
polymer concentration has been determined at fixed
temperature T = 25 °C. The length of the alkyl chains
was varying from C6 to C14. Three main domains have
been delimited: a supernatant phase, an intermolecu-
larly bridged spherical “flowerlike” micelles domain is
proposed, and a gellike domain. The structural proper-
ties of the different phases of the phase diagram were
investigated by means of static and dynamic light
scattering.

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.

2. Materials and Methods

2.1. Sample Characteristics. We have investigated solu-
tions of the hydrophobically modified polysaccharide chitosans
(HMC). Alkyl side chains are grafted to the main chitosan
chain, which is a semirigid polyelectrolyte (the intrinsic
persistence length of chitosan is roughly equal to 80 A).Y7
Chitosan is a polysaccharide from PROTAN composed of 5 1—4
p-glucosamine units with a degree of N-acetylation equal to
12%. The polysaccharide chitosan belongs to a family of linear
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Figure 1. Phase diagram in the alkyl side chains length—
polymer concentration plane at a fixed temperature T = 25
°C. Points (@) represent the unimers—micelles transition (i.e.,
the critical aggregation concentration deduced from static light
scattering measurements), and the points (O) represent mi-
celles—gel transition (i.e., the concentration c¢* deduced from
viscosity mesurements). The degree of alkylation is equal to
2%. The length of the alkyl side chains is defining by Cn, with
n varying from 6 to 14. The phase behavior of the analogue
unmodified chitosan (i.e., CO) is also represented.

cationic biopolymers obtained from alkaline N-deacetylation
of chitin, which is the second most abundant polymer in
nature. The mass M,, = 195000 + 5000 g/mol and the
polydispersity My/M, = 1.3 were determined by GPC and light
scattering,'”'® where M,, is the weight-average molecular
weight and M, the number-average molecular weight. The
contour length is equal to L. = 6000 A. The solutions were
investigated in the polymer concentration range from 2 x 1076
to 7.5 x 1078 g/cm?® at 25 °C and in the solvent 0.3 M acetic
acid (CH3;COOH) in the presence of sodium acetate (CHs-
COONa). The concentration of sodium acetate (excess of salt)
was equal to 0.05 M. For a 0.3 M concentration in acetic acid,
all the amino groups are protonated, and chitosan exhibits a
polyelectrolyte character.’”:1® This medium is a good solvent
for the chitosan main chain and a bad solvent for the alkyl
side chains.

The hydrophobically modified samples were prepared by
reaction with the amino groups of the backbone of the polymer
chain with C6 to C14 aldehyde. The modification procedure
employed here is similar to the method described earlier.1®20
The degree of alkylation used in this work is equal to 2% and
has been checked by 'H NMR measurements!® (2% of the
monomers are bearing an alkyl chain). The hydrophobically
modified chitosans (HMC) are equivalent to their unmodified
analogue; the main chitosan chain is the same for all samples
investigated. The mass of the HMC sample was then calcu-
lated (for example, the mass of the C8 HMC is estimated to
be equal to M, = 197 600 + 5000 g/mol). The length of the
alkyl side chains was varying from C6 to C14.

To carry out the static and dynamic light scattering experi-
ments, all the solutions were filtered directly into the light
scattering cells through 0.2 um Sartorius cellulose nitrate
membranes. The solutions were filtered also before viscosity
and GPC measurements. No aging effects were observed. The
solutions were filtered very easily, so insignificant amounts
of chitosan derivative may be lost in the filters.

2.2. Viscosity Measurements. The viscosity measure-
ments were carried out by using a low-shear 40 coaxial visco-
meter, on the Newtonian plateau, within the range of polymer
concentration from 2 x 107% to 7.5 x 1072 g/cm?3, which is the
same as for the light scattering experiments (see Figure 2).

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 1 = 488
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Figure 2. Variation of the solution viscosity # with the C8
HM-chitosan concentration. Arrows indicate the cac and the
concentration c*.

nm, an ALV-5000 correlator (ALV, Langen-Germany 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 otherwise
noted. The scattering spectrum was measured through a band-
pass filter (488 nm) and a pinhole (200 um for the static
experiments and 100 or 50 um for the dynamic experiments)
with a photomultiplier tube (ALV).

In the SLS experiments, the excess of scattered intensity
1(q) was measured with respect to the solvent, where the
magnitude of the scattering wave vector q is given by

_4an 0
q=--sin; (1)

In eq 1, n is the refractive index of the solvent (1.34 for the
water at 25 °C), 4 is the wavelength of light in the vacuum,
and 0 is the scattering angle. In our experiments, the scat-
tering angle 6 was varied between 20° and 150°, which
corresponds to scattering wave vectors q in the range from 6
x 1074 to 3.2 x 1072 A~1. The absolute scattering intensities
1(q) (i.e., the excess Rayleigh ratio) were deduced by using a
toluene sample reference for which the excess Rayleigh ratio
is well-known.

A virial expression for the osmotic pressure can be used in
dilute regime to deduce the following relationship:

Kc
I(a.c)

The function Q(g,c) is approximately unity for flexible polymer
chains but not for spheres,?* and Q(0,c) is equal to 1 in any
case. c is the polymer concentration, and A; is the second virial
coefficient, which describes the polymer—solvent interactions.
The scattering constant is K = 472n?(dn/dc)?/Nai* where dn/
dc is the refractive index increment and Na is Avogadro’s
number. The dn/dc of the polysaccharide chitosan in the
solvent composed of 0.3 M acetic acid + sodium acetate is equal
to 0.195.18 The plots of c/I(qg,c) vs g? were extrapolated to q =
0 to give intercepts c/1(0,c). If the length scale g is sufficiently
large compared to the radius of gyration Rg of the polymers,
the form factor obeys Guinier’s law and the apparent radius
of gyration Rgapp can be determined from the intercept and
the initial slope of these plots using a scattering inverse
Lorentzian law of the form?*

_1 zRG2
—M— 1+q T+ ot ZAZQ(Q,C)C+ )

c _ ¢ [ R app
I(q,c)_I(O,c)l.l+ 3

The weight-average molecular weight?* M,, can be obtained
from

] ifgRg <1 3)
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1(0,c)
Kc = Mw,app = Mw(l - 2A2ch) 4)

The apparent mass Myapp Of polymers in solution at a
concentration c is given by extrapolation of the scattered
intensity 1(q)/c to q = 0, while the apparent radius of gyration
is obtained by a mean-square linear fit of the inverse of the
scattered intensity vs g2.

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

_ 0(q.0) 1@t

1(q,0) ®)

9.1

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¥(q,t) through

9%(a,n = A+ BigP(a.1)? (6)

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

_ [dc(q,0) oc(q,t)d

[d¢(q,0)°0 @)

9®(a.1)

where oc(q,t) and 6c¢(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 relaxations are diffusive with charac-
teristic time inversely proportioned to g2. Some of our solutions
were characterized by a single relaxation mechanism (c <
critical aggregation concentration). For these solutions we have
adopted the classical cumulant analysis.?? This analysis
provides the variance of the correlation function and the first
reduced cumulant (zg?)~! where 7 is the average relaxation
time of g®(q,t). The extrapolation of (zg?)~* to g = 0 yields the
values of the mutual diffusion constant D. The latter is related
to the average hydrodynamic radius Ry of the macromolecules
and of the micelles through

kT 1
D= = 8
6 Ry (qu)qZZO ®

where k is the Boltzmann constant, #s the solvent viscosity,
and T the absolute temperature.

We also used another method to determine the average
relaxation time z: the Contin method based on the inverse
Laplace transform of g(qg,t).2% If the spectral profile of the
scattered light can be described by a multi-Lorentzian curve,
then g\(q,t) can be written as

g”(@.H) = [ "G(I) exp(~Tt) dT )

where G(T') is the normalized decay constant distribution. This
method is more appropriate for the solutions characterized by
several relaxations mechanisms (e.g., mixture of micelles and
unimers).

3. Results and Discussion

3.1. Partial Phase Diagram of HMC. Figure 1
shows the phase diagram in the polymer concentration—
alkyl side chain length plane at fixed temperature T =
25 °C and at fixed degree of alkylation 2%. The solvent
is a 0.3 M acetic acid + 0.05 M sodium acetate aqueous
solution. The excess salt concentration being large, the
charges of the polyelectrolyte main chain may be
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Figure 3. Light scattering intensity at zero angle as a
function of the C8 HMC concentration c. Above the critical
aggregation concentration, cac, the intensity increases strongly
with the polymer concentration. The arrow indicates the cac,
and the vertical dashed line represents the transition between
micelles and gel regime.

screened. The partial phase diagram of the HMC was
obtained by visual inspection, by viscosity and light
scattering experiments for polymer concentration vary-
ing from 0 to 1072 g/cm?® and for alkyl side chain length
varying from C6 to C14. In Figure 1 is also represented
the phase behavior of the unmodified chitosan (UMC)
characterized by an alkyl side chain length equal to zero,
i.e., CO. The phase behavior of the UMC in solution
shows the classical sequence: dilute regime, semidilute
regime.l’

Upon increasing associating polysaccharide content
(HMC), we have identified three regions on the phase
diagram: (i) a supernatant phase (isolated HMC poly-
mer chains), (ii) a micellar phase, and (iii) an associative
gel phase. At low polymer concentrations (i.e., at
concentrations below the critical aggregation concentra-
tion cac), the supernatant phase corresponds to free
isolated HMC polymer chains dissolved in the solvent,
which will be called unimers in what follows. Intermedi-
ate HMC contents (cac < ¢ < ¢*) correspond to a micellar
aggregates (associations of unimers) phase that does not
exhibit an increase of the solution viscosity (see Figure
2). These micelles are then not connected and are
diluted in the solvent. The structure of these aggregates
will be described in part 3.4. At higher polymer concen-
trations (c > c*), the system exhibits a large increase
of the solution viscosity and a gellike behavior (see
Figure 2). The points corresponding to micelles—gel
transitions (c = c¢*) were deduced from the viscosity
measurements and from visual inspection. Figure 2
shows the polymer concentration dependence of the
solution viscosity 1 for a HMC sample characterized by
C8 alkyl side chains. The arrows indicate the cac and
the c¢* concentration. The critical aggregation concentra-
tion (cac) was determined by static light scattering. For
a concentration smaller than the cac the molecular
weight measured by light scattering corresponds to the
mass of a free polymer. For concentrations larger than
the cac, the molecular weight and then the scattered
intensity extrapolated to zero wave vector, 1(0), are
much larger and correspond to micellar aggregates. No
excess scattering at low angles (20°—30°) was observed
in this regime.

In Figure 3, the measured light scattered intensity
extrapolated to zero wave vector, 1(q?=0), is plotted as
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a function of the polymer concentration c for the HMC
C8 sample. At a concentration below the critical ag-
gregation concentration, cac = (8 £ 2) x 107 g/cm?, the
scattered intensity increases slowly with the concentra-
tion, which indicates an increase of the unimers con-
centration. Extrapolation to zero wave vector of light
scattering intensity measurements in this concentration
range allows us to determine the apparent weight-
average molecular weight of the C8 HM-chitosan poly-
mer chain: My app ~ 197 600 g/mol. The low level of the
scattered intensity in this concentration range leads to
an approximate determination of the value of the
unimer molecular weight (error ~ 40%). At concentra-
tion above cac, the scattered intensity increases strongly
with the concentration, and this is interpreted as being
due to the growth process of associating polyelectrolyte
aggregates. The scattered intensity is still increasing
for polymer concentrations larger than c*. In this regime
the scattered intensity should decrease with increasing
concentration due to the screening of concentration
fluctuations, as expected for semidilute solutions.2425
The cac is smaller for the C6 HMC sample. This phase
diagram is similar to the theoretical phase diagram
proposed by Vasilevskaya et al. for associating polyelec-
trolytes.™

3.2. Dynamic Light Scattering. In the following
parts of the paper we present the light scattering
experiments performed on aqueous solutions of C8 HM-
chitosan.

3.2.1. Concentration Range: c¢ < cac. In the
present study g¥(qg,t) was measured below and above
the critical aggregation concentration. In the concentra-
tion range below the cac, g®(q,t) is found to be a simple
exponential decay in the entire g range. The diffusion
coefficient D is found to be independent of the scattering
wave vector g and is found to be equal to

D=(1] =(@75+040)x 10" nm%¥s (10)
2} oo

q
leading to the hydrodynamic radius:
Ry=14+3 nm (12)

This result is consistent with the diffusive motion of
isolated polymer chains (unimers) which are present in
the solution (supernatant phase). The low level of the
scattered intensity in this concentration range leads to
a large error bar for Ry ynimers (even for 200 um pinhole).
Also, the radius of gyration of unimers is too small to
be measured by static light scattering. It is then not
possible to discuss the ratio Ry/Rg for unimers. In this
regime spherical “flowerlike unimermicelles” are ex-
pected.13.16.26

However, light scattering experiments were per-
formed under the unmodified analogue 195 000 chitosan
chain.'”18 The solvent was also a 0.3 M CH3COOH -+
0.05 M CH3COONa solution, and the temperature was
also equal to T = 25 °C. For the radius of gyration and
the hydrodynamic radius, we found Rg = 70 + 10 nm
and Ry = 48 + 4 nm, respectively. The positive sign of
the second virial coefficient, A, = (4.47 4 0.50) x 1073
cm? g~2 mol, indicates that at these conditions the 0.3
M CH3COOH + 0.05 M CH3COONa medium is a good
solvent for the unmodified chitosan. The large difference
between the hydrodynamic radius of the free HM-
chitosan chain and of the unmodified analogue chitosan
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Figure 4. Semilog representation of gW(q,t) for 6 = 120°
relative to a C8 HMC solution at polymer concentration c = 4
x 1074 g/cm3 (O). The distribution function of decay times A(t)
obtained using the Contin method is also represented (®).

chain is related to the intrapolymer hydrophobic as-
sociations which may lead to the formation of a polymer
micelle made up with a single C8 HMC macromolecular
chain (“unimermicelle”).

3.2.2. Concentration Range: cac < c¢ < c*. In the
concentration range above the cac, the time autocorre-
lation function of the scattered electric field can be
described by a sum of two relaxations widely separated
in time. Figure 4 shows the semilog plot of g®(q,t) for a
C8 HM-chitosan solution at a polymer concentration
equal to 4 x 10~ g/cm3, i.e., for a concentration larger
than the critical aggregation concentration. The scat-
tering angle 6 is equal to 120°.

mE>fkast(q10) Efast(q’t)EH_ DE:,OW(C],O) Eslow(qvt)[j
()0
—t —t

g(l)(Qvt) = Atast(0) eXp(r_) + Agion(d) eXp(T

fast,

g =

) (12)

slow,

Efast(q) and Egiow(q) are respectively the fast and the slow
electric scattered field and are fluctuating indepen-
dently. trst and zsow are respectively the fast and the
slow relaxation time. Asst(q) and Agiow(q) are the corre-
sponding amplitudes. Figure 4 also shows a typical
example of results obtained by applying the Contin
method to our data. A(t) is the normalized distribution
function of decay times obtained by using the Contin
method. We clearly distinguish slow and fast modes well
separated in time. In this regime, one expects for the
time relaxation function g®(q,t) (a) a fast relaxation
time corresponding to the diffusive mode of unimers and
(b) a slow relaxation time corresponding to the diffusion
of the micellar aggregates.

The inspection of Figure 5, representing the variation
of the products 1/tss:g? and 1l/zgowg? with g2 for a
polymer solution at a concentration equal to 4 x 10~
g/cm3, shows clearly that the fast and the slow mode
are diffusive modes with characteristic times st and
Tslow INVersely proportioned to g2. Thus, it is possible to
calculate for each polymer concentration a fast diffusion
coefficient Dsast and a slow diffusion coefficient Dsjow
using eq 8. Experimentally, one obtains a diffusion
coefficient Drast = 1/71a5tq? independent of the scattering
wave vector and of the concentration, which is equal to
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Figure 6. Dependence of the hydrodynamic radius of the
unimers on the total C8 HMC concentration, deduced from the
fast time mode of the quasi-elastic light scattering relaxation
function. The arrow indicates the cac.

the diffusion coefficient measured below the cac. This
confirms the previous interpretation, which assigned the
fast relaxation time to the diffusive motion of unimers.
Figure 6 shows the independence of the hydrodynamic
radius of the unimers on the polymer concentration.

KT

R 2
6ﬂnstast(q - 0)

(13)

H,unimers —

Apparently, there is a weak concentration dependence.
The hydrodynamic radius of the micelles Ry micelies OVer
the polymer concentration range of 1 x 1075—1 x 1073
glcmd at T = 25 °C is presented in Figure 7.

kKT
6-7”75Dslow(q2 - 0)

(14)

RH,micelles -

Data reveal an increase of the micelles hydrodynamic
radius with increasing polymer content in the whole
polymer concentration range. Ry micelles reach values
around 160 nm for ¢ > 10~* g/cm3. We will discuss
values of Ry micelles 1N the part 3.4.

3.3. Aggregation Process in Dilute Regime (cac
< ¢ < c¢*). Another interesting discussion can be made
by examination of the behavior of the relative ampli-
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for a ¢ =4 x 107* g/cm® C8 HMC solution and polymer
concentration dependence (b) of Atast/Asiow(q=0). The black line
represents the fit of the data.

tudes Arast and Agiow. The sum of the amplitudes is equal
to 1.

Afast(q) + Aslow(q) =1 (15)

It is worth noting that in fact these amplitudes are
dependent on the scattering wave vector g, as shown in
Figure 8. Figure 8a shows the q dependence of the ratio
Atast!/ Asiow for a C8 HMC solution at a concentration ¢ =
4 x 1074 g/cm® and at temperature T = 25 °C. The
increase of Agow With the decrease of g confirms that
the slow mode is due to aggregates. The variation of
Asast/ Asiow €Xtrapolated to zero wave vector with the total
polymer concentration can be observed in Figure 8b.
This concentration dependence and the scattered in-
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tensity I(g) can provide more information about the
aggregation process. The amplitudes measured by dy-
namic light scattering can be used to analyze the static
light scattering results.1827.28 Defining lyunimers(q) and
Imicelles(q) as the time-average intensities associated with
the fluctuations of polymer concentration with respec-
tively short and long relaxation times and using the
normalization condition

9(0,0) = Ape(@) + Ago(@) = 1 (16)
we obtain

Iunimers(q) = Afast(q) I(q)
Imicelles(Q) = Aslow(q) I(Q) (17)

The value of the total intensity I(g) was deduced directly
from the static light scattering measurements.

I(q) = Iunimers(q) + Imicelles(Q) (18)

To evaluate the concentration of unimers and the
concentration of micelles as a function of the total
concentration, we applied the following procedure: Let
the molecular weight of free polymer chains and micelles
be Munimers and IVlmicelles = pMunimers (Where P is the
aggregation number, i.e., the number of unimers con-
stituting a micelle and Mynimers = 197 600 g/mol). The
corresponding concentrations of free unimers and un-
imers in micelles are Cunimers aNd Cmicelles, respectively.
The total concentration of the solution c is equal to the
sum of the concentrations.

C=¢ + Cmicelles (19)
From the scattered intensity of unimers lynimers and
neglecting interactions between unimers and/or mi-

celles, we deduced the concentration of unimers:

_ Iunimers(q_)O) o Afast(qqo) I(q—»O)
unimers ~ KM - KM

unimers

c (20)

unimers unimers

where K is the scattering constant (see eq 2). From the
concentration of unimers cunimers and the total concen-
tration c, we calculate the concentration of the polymer
in micelles Cmicelles = C — Cunimers (S€€ eq 19). Figure 9
shows the variation of the concentration of unimers,
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Figure 10. Variation of the aggregation number p as a
function of the C8 HMC concentration. Below the cac p is equal
to 1 (unimers phase). The arrow indicates the cac.

Cunimers, @and of the micelles, Cmicenes, as a function of the
total polymer concentration c. The polymer isa C8 HMC
sample. The unimer concentration is expected to satu-
rate and to be equal to the critical aggregation concen-
tration (cac). A continuous increase of Cunimers @Nd Cmicelles
with the total polymer concentration is found. This
result is in opposition to the classical micellization
picture within which the degree of association p and the
concentration of unimers are expected to be independent
of the concentration (the concentration of unimers is
expected to be equal to the cac).2%30 Such a nonconstant
unimer concentration would imply a polydisperse popu-
lation of unimers and aggregates.

The concentration dependence of the aggregation
number p at T = 25 °C deduced using this analysis is
presented in Figure 10 for the C8 HM-chitosan sample.
In doing so, the effect of the second virial coefficient
between micelles is neglected.

— IVlmicelles= Imicelles(q_)o) — Aslow cunimers
P=M KC,riconiecM At

qﬂOCmiceIIes

(21)

unimers micelles'Y'unimers

According to the classical micellization model,2°3° the
aggregation number p is expected to be independent of
the polymer concentration. In the present study, the
error bar of the aggregation number being large, it is
difficult to say whether the curve exhibits a slight
decrease of the aggregation number with the concentra-
tion. However, data reveal aggregation number p values
of ~15—20 over the whole polymer concentration range.
Above the cac associating polyelectrolytes associate in
polydisperse aggregates with a small association num-
ber (p ~ 15—20) and large hydrodynamic radius (up to
160 nm). Similar experimental results were already
observed for polydisperse and loose triblock copolymer
aggregates.?’31 Also, note that identical values for the
association number are often observed with associating
polymers.32

3.4. Structure of the Micelles (cac < ¢ < c*). The
slow mode was interpreted as caused by the formation
of micelles. Figure 7 shows the variation of the apparent
hydrodynamic radius and of the apparent radius of
gyration of the micelles in the dilute regime (regime
where the solution viscosity is constant). The apparent
radius of gyration of the micelles (Rg)micelles,app Was
determined using the following relation:
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Imicelles(q!Cmicelles) = Imicelles(o1Cmicelles) X

1 .
- §q2(RGZ)micelles,app if q(RG)micelles,app <1 (22)

where Inicelles(0,Cmicerles) 1S the slow scattered intensity
extrapolated to zero wave vector and (Rg)micelles,app 1S an
apparent radius of gyration for the micelles. Data reveal
(RG)micelles,app Values of 90 = 10 nm over the whole
concentration range. Actually, the apparent radius of
gyration might approximate the real one because the
factor 2A;My, micellesCmicelles 1S much smaller than 1. The
scattered intensity being very low in the concentration
range below the cac, it was not possible to evaluate the
second virial coefficient between unimers. The relation-
ship between apparent and true mean-square radius of
gyration is given by

30

micelles(q’cmicelles)

| micelles(oicmicelles)]

2
(RG )micelles,app 2

aq
(RGZ)micelles
1+ 2A,M

(23)

C

w,micelles~¥micelles

Another way to determine the micellar aggregates
structure is to consider the ratio (Ru/Rg)micelies-233° This
ratio is found to be larger than the value of (5/3)2 =
1.29 expected for dense spheres and measured on
starlike polymers.3® A possible micellar structure ex-
plaining the value of 1.65 + 0.25 for the ratio (Ru/
Ro)micelles iN the concentration range 5 x 1075—1 x 1073
g/lcm?3 is the spherical “flowerlike” structure with a dense
hydrophobic core and a swollen corona composed of
chitosan polyelectrolyte chains. Each micelle, composed
of roughly p = 20 polymer chains, i.e., composed of
roughly 500 hydrophobic grafts, has a radius of gyration
of about 90 nm. For the single “flowerlike” micelle, the
radius of gyration should tend to the radius of the dense
hydrophobic core.?” It is then possible to evaluate the
number of C8 alkyl grafts constituting the core of a
single flower micelle using the ratio 4/37Rg%/1.23 =
(volume of the core)/(volume of a graft), where 1.2 nm
is roughly the length of a C8 alkyl side chain. The value
of this ratio (>10°) being much larger than 500, we can
conclude that the micellar aggregates cannot be viewed
as single “flowerlike micelles” composed of roughly p =
20 polymer chains.

The results presented led us to propose a model for
the interpolymer aggregates formed by the HM-chitosan
in aqueous solution. The alkyl side chains associate both
intra- and intermolecularly. Intrapolymer associations
lead to a spherical “flower-type” micelle'6-26:32 in which
a hydrophobic microdomain formed from alkyl associa-
tions is surrounded by loops of chitosan segments. The
concurrent interpolymer alkyl associations will link the
“flower-type” micelles together, and thus intermolecu-
larly bridged “flower-type” micelles may be formed.
Previous experimental and theoretical studies on poly-
electrolytes carrying small amounts of hydrophobic
pendants have already shown the formation of inter-
molecularly bridged “flower-type” micelles in dilute
aqueous solutions.1216:26.38 Yysa et al.3® have studied
polyelectrolytes carrying cholesterol pendants using
turbidity, 'H NMR, fluorescence, light scattering, and
viscosity. On the basis of the characterization data, an
intermolecularly bridged “flower-type” micelle model
was proposed for the aggregates. Of course, in the
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present study, further experiments need to be performed
to determine the micellar structure. X-ray experiments
are scheduled to determine and to study the structure
of the micellar aggregates.

Also, data reveal an increase of Ry micelles With polymer
content in the low concentration range (cac <c <5 x
1075 g/cm?) (see Figure 7). This can be interpreted by a
swelling of the loops of the micelles (p ~ 15—20) due to
the increase of the hydrophobic interpolymer interac-
tions. The radius of gyration of the micelles correspond-
ing roughly to the average distance between the center
and the hydrophobic cores constituing a micelle is
constant with the polymer concentration.

4. Conclusion

In this work, we have examined the structure of
hydrophobically modified chitosans (HMC) in aqueous
solution. We have identified three regions of the phase
diagram (Figure 1) in the length of the alkyl side
chains—polymer concentration plane at the fixed tem-
perature T = 25 °C: (i) unimers (isolated polymer
chains); (ii) micelles at intermediate polymer concentra-
tion; (iii) gel at high polymer content. In this paper, we
have reported combined static and dynamic light scat-
tering experiments performed on HM-chitosans in dilute
solution (cac < ¢ < c*).

The aggregation process is discussed. In particular,
unimers were found to coexist with the interpolymer
micellar aggregates in polymer concentration range cac
< ¢ < c¢*. The HMC polymer chains form multipolymer
aggregates, which can be viewed as an assembly of
spherical “flowerlike” micelles where polymer chains are
“cross-linked” through alkyl associations. X-ray experi-
ments are scheduled to study the structure of the
micellar aggregates.

In particular, the unimer concentration depends on
the total polymer concentration, whereas the aggrega-
tion number looks to be constant over the whole dilute
micellar regime. Such a nonconstant unimer concentra-
tion would imply a polydisperse population of unimers.
Also, light scattering and rheology experiments con-
cerning the gel phase will be presented in a forthcoming
paper.
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