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ABSTRACT: The complexation properties toward adamantane-grafted chitosan of two -cyclodextrin (CD)
homodimers, containing two CD moieties that are linked through their primary sides by one or two
aliphatic spacers, are studied by rheological and dynamic light scattering measurements. Very different
behaviors are observed between these two CD molecules which can be related to different molecular
flexibilities and inclusion properties of their cavities. These results show that a subtle change in the
molecular architecture of such CD dimers dramatically changes their ability to physically cross-link

modified chitosan chains.

Introduction

Cyclodextrins are water-soluble cyclic oligosac-
charides consisting of six (a-CD), seven (5-CD), eight
(y-CD), or more b-glucopyranose units. In aqueous
solution, their relatively hydrophobic cavity can accom-
modate a wide range of small organic molecules as
guests leading to modification of their physicochemical
properties, particularly in terms of water solubility and
chemical stability.1? For this reason, cyclodextrins have
been extensively investigated for their use as carriers
in various industries. These host molecules are also very
interesting candidates for the development of catalytic
systems,® sensor devices,* or molecular materials based
on nano-organized systems.®> Recently, we thus prepared
original supramolecular assemblies in agueous solution
based on specific interactions between -CD grafted on
chitosan and adamantane attached to chitosan or poly-
(ethylene glycol).5¢ We demonstrated that the CD—
adamantane complexes play the role of interchain
junctions, leading to a large increase of the viscosity or
the formation of temporary networks, depending on the
guest macromolecule. In the present paper, we inves-
tigate the interaction between adamantane grafted
chitosan 1 (Figure 1) and two j-cyclodextrin dimers 2a
and 2b, containing two CD moieties connected on the
primary side by one or two C8 aliphatic chains (Figure
2). There is currently great interest in such CD deriva-
tives because favorable cooperative binding effects, due
to multivalency, may occur, leading to significantly
higher binding constants compared to the monomeric
species.® Nevertheless, although a wide variety of
analytical techniques can be used to investigate CD
inclusion processes, the respective roles of solution
conformations, steric effects, stabilizing interactions,
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Figure 1. Structure of adamantane-grafted chitosan 1.

and molecular rigidity on the complexation properties
may not be easily evidenced for complex CD derivatives
such as these CD dimers. In this study, rheology was
shown to be a very sensitive technique to demonstrate
the large influence of the nature of the linkage between
the two CD cavities on the complexation properties of
the CD derivatives. In the first section of this paper,
the inclusion properties of these CD dimers and natural
B-CD toward small organic molecules are compared. In
the second section, we report on the complexation
behavior of these CD derivatives toward adamantane-
grafted chitosan as a guest macromolecule.

Experimental Section

Materials. Adamantane-grafted chitosan with a degree of
substitution equal to 0.05 was synthesized as previously
reported.>® The parent chitosan used has a weight-average
molecular weight M,, of 195 000; it is a commercial sample
from Pronova (Norway) with a degree of N-acetylation equal
to 0.12. The overlap concentration C* for this chitosan sample
is around 0.9 g/L. % The S-CD dimers 2a and 2b were
synthesized as described in detail elsewhere.”

Titration Calorimetry. Isothermal titration microcalo-
rimetry (ITC) was performed using a model 4200 microcalo-
rimeter from Calorimetry Sciences Corp. (American Fork, UT).
In individual titrations, injections of 10 L of the hydrophobic
guest molecule were added from the computer-controlled 250
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Figure 2. Structure of 5-CD homodimers 2a and 2b. The $-CD cavity is represented as a truncated cone with the primary

hydroxyl groups (OH-6) on the smaller rim.

uL microsyringe at an interval of 5 min into the cyclodextrin
(natural $-CD or 3-CD dimer 2a, 2b) solution in phosphate
buffer pH 7 (cell volume = 1.3 mL), while stirring at 250 rpm
at 25 °C. The relative concentrations of the two solutions were
adapted to the association constant and the availibility of the
CD cavities. The observed heat effects under identical injec-
tions of the guest molecule into a cell containing only the
solvent were identical to the heat signals at the end of titration,
after the saturation is reached. The raw experimental data
were presented as the amount of heat produced per second
following each injection of the CD molecule as a function of
time. The amount of heat produced per injection was calculated
by integration of the area under individual peaks by the
instrument software, after taking into account heat of dilution.
The experimental data were fitted to a theoretical titration
curve using the instrument software, with AH° (the enthalpy
change in kJ/mol), K, (the association constant in L/mol), and
n (complex stoichiometry) as adjustable parameters.

NMR Spectroscopy. *H NMR experiments were performed
using a Bruker DRX500 spectrometer operating at 500 MHz.
1D NMR spectra were collected using 16K data points. 2D
T-ROESY and TOCSY experiments were acquired using 2K
data points and 256 time increments. The phase sensitive time
proportional phase incrementation method (TPPI method) was
used, and processing resulted in a 1K x 1K (real—real) matrix.
Chemical shifts are given relative to external tetramethylsi-
lane (TMS = 0 ppm), and calibration was performed using the
signal of the residual protons of the solvent as a secondary
reference. Deuterium oxide and deuterated dimethyl sulfoxide
were obtained from SDS (Vitry, France). Details concerning
experimental conditions are given in the figure captions.

Rheological Experiments. The steady shear flow proper-
ties of solutions of adamantane—chitosan in the absence and
in the presence of CD dimer 2a or 2b were measured using a
low shear viscometer (LS30 from Contraves) or a cone—plate
rheometer (AR1000 from TA Instruments), depending on the
sample viscosity. The cones used have a diameter of 4 cm and
an angle of 3°59' or a diameter of 6 cm and an angle of 1°, and
they were equipped with a cap to avoid solvent vaporization.
The solutions of adamantane-grafted chitosan and CD dimers
2a and 2b were prepared separately in 0.3 M CH;COOH /0.03
M CH3COONa, a good solvent of chitosan. The dissolution time
of adamantane—chitosan was at least 1 day at room temper-
ature. The CD dimers were dissolved in the minimum amount
of solvant (65 mg/mL for 2a and 70 mg/mL for 2b) to avoid
dilution of the polymer solution after their addition under

stirring. After each addition, the samples were allowed to rest
for at least 1 h before the measurement.

Dynamic Light Scattering. Dynamic light scattering
(DLS) measurements were performed using an ALV5000
multibit, multitau full digital correlator in combination with
a MALVERN goniometer and an ALV-SIPC photomultiplier.
The incident light source was an ionized argon laser (Spectra
Physics 2016) emitting a vertically polarized light at a
wavelength 1 = 514.5 nm. Polymer solutions investigated at
25 °C were prepared at the concentration of 2.5 g/L in 0.3 M
CH3COOH/0.03 M CH3COONa and filtered on ANOTOP filters
(porosity 0.2 um) prior to measurements. The intensity auto-
correlation functions (gz(t,#)) measured at a given angle (6)
were analyzed thanks to the REPES routine® which allows
their analysis in terms of a continuous distribution of relax-
ation times without assuming a specific shape:

0,(t.0) = ["A(x) exp(~tir) dr 1)

Here (g1(t,0)) is the normalized electric field autocorrelation
function related to (g»(t,0)) via the Siegert relation.® As detailed
in the following, all the distributions of relaxation times are
characterized by two peaks. The average relaxation times for
the fast (zrast) and the slow (zsi0w) cOMmponents are g? dependent
along the angular range investigated (from 30° to 140°),
meaning that diffusive motions are probed. q is the wave vector
defined as g = (4xzn sin(6/2))/4, where n is the refractive index
of the solvent. Estimates of the apparent cooperative diffusion
coefficients for both relaxation processes thus may be obtained
through D;pp = 7i/g?, where i represents the fast or the slow
mode of relaxation.

Results and Discussion

Binding Properties of CD Dimers with Small
Organic Molecules. The synthesis of the CD ho-
modimers 2a and 2b has recently been described.” In
these dimers, the cyclodextrins are connected through
their primary sides. Although cooperation between the
two cavities may be less favored in this geometry than
when CDs are connected through the broader secondary
side, the advantage of such a geometry is the potential
ability of the CDs to efficiently cross-link hydrophobi-
cally modified polymers since complexation of hydro-
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phobic guest molecules usually takes place through the
wider secondary side. Moreover, unlike the majority of
CD dimers that have been described to date, the dimer
2b presents the characteristic structural feature of being
doubly bridged.1° Consequently, it can be assumed that
the imposed mutual orientation of the two CD cavities
in this dimer, compared to the conformationally much
more flexible singly bridged dimer 2a, might lead to
different binding properties. We first examined the
interaction of these two CD dimers with small organic
guest molecules by isothermal titration calorimetry and
1H NMR. Figure 3 compares the data obtained for the
calorimetric titration at 25 °C of dimers 2a and 2b and
natural 3-CD with sodium adamantane acetate (AD),
which is known to form a very strong 1:1 complex with
the latter. In the case of natural 5-CD, exothermic heat
is produced after each injection of adamantane acetate.
The magnitude of the released heat is nearly constant
for the first injections where adamantane is almost
completely bound to 3-CD, being in large excess. Then,
it decreases rapidly until the last injection, correspond-
ing to almost complete complexation of 5-CD. Thus, after
the 24 injections of adamantane acetate, that is, addi-
tion of 2.17 mol equiv of adamantane with respect to
pB-CD, the CD cavities are saturated. In the case of dimer
2b, although the thermogram looks similar to that
obtained with natural -CD, it can be noticed that
saturation of the CD cavities occurs when only 0.68 mol
equiv of adamantane with respect to the CD cavity is
added, suggesting that one part of the CD cavities is
not available for inclusion. Similar results are also
obtained with dimer 2a since complete complexation
takes place after addition of only 1.1 mol equiv of
adamantane with respect to the CD cavity. Moreover,
for dimer 2a, the magnitude of the released heat
decreases more rapidly with the first injections reflect-
ing a lower complexation efficiency. Indeed, the fact that
the released heat is not maximum during the first
injections, when CD cavities are in large excess with
respect to added adamantane, suggests that adaman-
tane is not completely complexed. These preliminary
conclusions derived from experimental observations
were fully confirmed by the thermodynamic parameters
calculated from the experimental data (see Table 1).
Table 1 shows that the three cyclodextrin molecules
have similar AH? values, indicating similar mechanisms
of binding. However, the complexation of adamantane
acetate by CD dimer 2b appears to be 3 times stronger
than that by the natural 5-CD as a result of a favorable
change in entropy. This might be related to a strength-
ening of hydrophobic binding as already reported for
other CD derivatives with hydrophobic substituents.112
Indeed, it can be assumed that the presence of the two
C8 hydrophobic chains connecting the CD cavities on
their primary side may strengthen hydrophobic interac-
tions with hydrophobic adamantane. This idea was
further supported by the fact that in the case of
complexation with aromatic (+)-catechin, involving
dipole—dipole interactions in addition to hydrophobic
interactions, the association constants are similar for
natural 5-CD and dimer 2b (data not shown). On the
other hand, it can be observed that the bridging of the
two CDs by only one octamethylene chain does not favor
the complexation ability of the cavities. Concerning the
stoichiometry of the complexes, large discrepancies
appear between the theoretical and experimental val-
ues. The n values of 1.02 and 0.80 instead of 2, found
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Figure 3. Calorimetric titration of the binding of sodium
adamantane acetate to (A) natural 5-CD, (B) f-CD dimer 2a,
and (C) 5-CD dimer 2b. Upper halves: raw data obtained for
24 automatic injections, each of 10 uL, of adamantane acetate
to the CD molecule (the concentration of the host and guest
molecules in phosphate buffer (pH 7) for each case is indicated
in Table 1). Lower halves: the integrated curve showing
experimental points and the best fit for titration of the natural
CD and CD dimers.
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Table 1. Thermodynamic Parameters for Inclusion Complex Formation of Sodium Adamantane Acetate with Natural
f-CD and f-CD Dimers 2a and 2b

CD cavity concn AD concn n (nAD:1CD
CD derivative (mM) (mM) Ka x 1074 (M) AHO (kJ/mol) TASO (kJ/mol) derivative)
natural 8-CD 0.56 6.59 7.96 (£0.05) —26.2 (+£0.4) 1.76 0.90 (£0.01)
dimer 2a 1.2 7.2 2.32 (+0.07) —25.0 (+£0.4) —-0.09 1.02 (+0.01)
dimer 2b 1.2 44 26.42 (+0.05) —28.2 (+0.4) 2.73 0.80 (40.01)
HOD H2,3,4,5,6,6 inclusion complexes can be derived from the direct
A) ~ cD
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Figure 4. 'H NMR spectra (400 MHz, 25 °C) of (A) 3-CD
dimer 2a (3 mg/mL) and (B) 5-CD dimer 2b (3 mg/mL) (a) in
D,0 and (b) in DMSO-ds containing two drops of D,O.

T

for dimers 2a and 2b, respectively, indicate that one
part of the CD cavities (50% for 2a and 60% for 2b) is
unavailable or inactive for binding.

To get more information about the complexation
behavior of dimers 2a and 2b, 'H NMR spectra of these
compounds alone and in the presence of guest molecules
were recorded. From Figure 4, it can be seen that the
NMR spectra of dimers 2a and 2b in D,O strongly differ
from those in DMSO-ds. For both compounds, the
octamethylene chains display considerable dispersion
in D,0. Conversely, in DMSO, this spectral dispersion
collapses. Since DMSO has a strong solvating power for
the CD cavity, it is known to preclude the formation of
inclusion complexes. This behavior thus suggests in-
clusion of the octamethylene spacer in the CD cavity
for both CD dimers. Similar observations have been
already reported for -CD dimers connected through
either the secondary or the primary side by an aliphatic
moiety.3¢:34.13 More direct evidence for the formation of

observation of spatial proximities between protons of the
linkers and the H-3 and H-5 protons located in the CD
cavity. This can be achieved by 2D T-ROESY experi-
ments!* dedicated to evidence dipolar interactions
(nuclear Overhauser effects). Partial T-ROESY contour
plots together with partial 2D TOCSY contour plots of
2a and 2b in D,0 are displayed in Figure 5. 2D TOCSY
experiments, based upon stepwise magnetization trans-
fers from anomeric protons,® allowed the observation
of the H-3 and H-5 cavity protons of cyclodextrin which
cannot be distinguished in the complicated 1D 'H NMR
spectrum. The presence of strong cross-peaks between
the protons of the C8 chain and the H-3 and maybe H-5
protons of cyclodextrin fully supports the inclusion of
spacers in CD cavities. This could partly explain the
observed unavailability of about 50% of the cavities in
both dimers. Since interaction between the CD cavity
and the octamethylene chain implies the latter to bend,
insertion likely occurs through the wider side. This is
moreover supported by the clear observation of dipolar
contacts between the protons of the chain and the H-3
CD protons located near the wider secondary side.
Consequently, the CD cavities in a dimer would be
occupied by the linker of other dimers. This complex-
ation between several dimer molecules may lead to the
formation of large aggregates, making some CD cavities
inaccessible for inclusion of external guest molecules.
Furthermore, aggregates may also result from the
amphiphilic nature of the CD dimers and may be
stabilized by hydrogen bonds between the CD cavities.
Thus, this could partly explain why, from the calorim-
etry experiments, one part of the CD cavities is unavail-
able for inclusion of adamantane acetate, despite its
very high affinity for the 5-CD cavity.

Interaction of CD Dimers with Adamantane-
Grafted Chitosan as a Guest Macromolecule. In the
previous section, we have examined complexation of
dimers 2a and 2b with small organic molecules. It was
demonstrated for both CD derivatives that about half
of the CD cavities are inactive for complexation. This
was attributed to the formation of aggregates of dimers
promoted by their amphiphilic nature, the inclusion of
the octamethylene spacer, and hydrogen bond interac-
tions between the cavities. Nevertheless, the benefit of
doubly bridging the CDs cavities was evidenced by the
large increase in binding strength (higher value of K,
Table 1) of the CD cavities in dimer 2b toward hydro-
phobic adamantane. In contrast, an opposite effect was
observed by singly bridging the CD cavities according
to dimer 2a. We further compared the complexation
behavior of both dimers 2a and 2b toward adamantane-
grafted chitosan as a guest macromolecule. For this
purpose, effects of adding dimers 2a and 2b on the
solution viscosity of AD—chitosan were studied. Viscos-
ity measurements were performed keeping the polymer
concentration C constant (1 g/L < C < 5 g/L), while
progressively increasing the concentration of 2a or 2b.
Figures 6 and 7 diplay the apparent viscosity vs shear
rate for solutions of AD—chitosan (C = 2.5 g/L) alone
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Figure 5. Partial contour plots of 2D T-ROESY experiments (500 MHz, 25 °C, D,0, 150 ms spin-lock time at 16 dB attenuation)
performed on (a) 8-CD dimer 2a (2 mM) and (c) f-CD dimer 2b (2 mM). Partial contour plots of 2D TOCSY experiments (500
MHz, 25 °C, D0, 80 ms mixing time) performed on performed on (b) -CD dimer 2a (2 mM) and (d) f-CD dimer 2b (2 mM).
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Figure 6. Viscosity dependence on shear rate for solutions
of AD—chitosan (C = 2.5 g/L, 0.3 M CH3COOH/0.03 M CH3-
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increasing $-CD dimer 2a. R refers to the [CD)/[AD] ratio.
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Figure 7. Viscosity dependence on shear rate for solutions
of AD—chitosan (C = 2.5 g/L, 0.3 M CH3;COOH/0.03 M CHzs-
COONa, 25 °C) in the absence and in the presence of
increasing $-CD dimer 2b.

and in the presence of increasing content of CD dimer
2a and 2b. A viscosity enhancement in the case of both
CD dimers can be easily seen, which can be reasonably
attributed to cross-linking of AD—chitosan chains through
complexation of CD dimers with grafted ADs. Neverthe-

less, the highest viscosity values are significantly dif-
ferent for the two dimers. Another important observa-
tion is the appearance of a shear thickening behavior
(i.e., a viscosity increase with shear rate) at intermedi-
ate shear rates for dimer 2b/AD—chitosan mixtures
above a [CD]/[AD] ratio R of 1.2. Moreover, as the [CD]/
[AD] ratio increases from 1.8 to 2.4, which seems to be
the optimal value for viscosity enhancement, the onset
of shear thickening is displaced toward lower shear rate
values, while the magnitude of the shear thickening
effect remains approximately the same. The shear-
thickening zone is shown to be followed by shear
thinning. As the [CD]/[AD] ratio further increases, the
onset of shear thickening shifts again to higher shear
rates, the magnitude of shear thickening effect being
nearly the same. In fact, the shear-thickening behavior
closely follows that of the zero-shear viscosity 7o with
the lowest onset of shear thickening at the [CD]/[AD]
ratio for which 79 is maximum. Shear-thickening effects
have already been encountered for macromolecules near
0 conditions!® and associating polymers.l” Different
mechanisms including shear-induced cross-linking,*®
shear-induced increase in the density of mechanically
active chains,!® and/or shear-induced chain stretching?®
have been proposed to explain the shear thickening. In
the present case, we can postulate that elongation of
AD-—chitosan chains render some adamantane groups
available for the formation of additionnal interchain
cross-links through complexation with CD dimer 2b.
Thus, for the viscosity maximum, the appearance at a
lower shear rate of the shear thickening can be related
to an increased probability of the interchain cross-links
due to the increase of both CD and AD local concentra-
tions. It is surprising that such a behavior is not
observed in the case of dimer 2a, which is also able to
cross-link AD—chitosan chains. This difference may be
related to the higher rigidity of doubly linked dimer 2b
with respect to singly bridged dimer 2a, favoring inter-
chain complex formation under shear flow. Concerning
the enhancement of viscosity, as already mentioned, a
much higher efficiency is observed for dimer 2b. This
is more clearly illustrated by Figure 8 showing the
dependence of the zero-shear rate viscosity of AD—
chitosan solutions at different concentrations on the
[CD]J/[AD] ratio. The greater ability of dimer 2b to
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Figure 8. Variation of the viscosity of solutions of AD—
chitosan in the range of concentrations from 1 to 5 g/L (0.3 M
CH3;COOH/0.03 M CH3COONa, 25 °C) with the [CD)/[AD] ratio
(i.e., with increasing concentration of CD dimers 2a and 2b):
4, dimer 2b/AD—chit 1 g/L; @, dimer 2b/AD—chit 2.5 g/L; A,
dimer 2b/AD—chit 5 g/L; A, dimer 2a/AD—chit 5 g/L; O, dimer
2a/AD—chit 2.5 g/L.

enhance the solution viscosity of AD—chitosan might be
explained by a higher cross-link density in the case of
this CD derivative due to the greater binding strength
of its CD cavities toward adamantane than those of
dimer 2a, as discussed in the previous section. This may
be also related to the lower molecular flexibility of 2b
as additional cross-links are easily obtained when some
AD moieties are rendered available for complexation.
Another parameter, which might be also taken into
account to explain the better efficiency observed for
dimer 2b, is the lifetime of the cross-links. From Figure
8, it can be also observed that the magnitude of the
viscosity enhancement is an increasing function of
polymer concentration. As observed in the study of the
cross-linking of cyclodextrin-grafted chitosan by flexible
poly(ethylene glycol)—diadamantane, viscosity increases
are only clearly observed for AD—chitosan concentra-
tions higher than 1 g/L, which means that interchain
bridging can only be effective in the range of concentra-
tions larger than the polymer overlap concentration C*
(~0.9 g/L). The correlation between the position of the
maximum of viscosity and the [CD]/[AD] ratio for both
dimers is difficult to assess. Nevertheless, the decrease
of viscosity above the optimal [CD]/[AD] ratio for viscos-
ity enhancement can be seen as the result of an increase
of CD dimer monocomplexation to the detriment of
dicomplexation.

These conclusions based on the measurement of a
macroscopic parameter such as the viscosity of the
solutions also hold when results from dynamic light
scattering which probes the solutions at a mesoscopic
scale are considered. Figure 9 shows the distributions
of the relaxation times obtained for AD—chitosan solu-
tions at 2.5 g/L with different [CD]/[AD] ratios of both
dimers 2a and 2b (6 = 90°). Whatever the ratio [CD]/
[AD] is, the distributions of the relaxation times are
clearly bimodal. This latter fact has already been
reported by Buhler et al.?! for solutions of the unmodi-
fied homologue chitosan above the critical overlap
concentration (C* = 0.9 g/L) in 0.3 M CH3COOH/0.05
M CH3COONa. According to these authors, the fast
mode of relaxation has been attributed to the coopera-
tive motion of entangled polymer chains which can be
assimilated to the breathing of the semidilute network
under the effect of the osmotic pressure (Dsast = 3.8 x
1071 m?s at 2.5 g/L), whereas the slow mode of
relaxation is claimed to be due to the formation of
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Figure 9. Distribution of the relaxation times obtained from
DLS at 90° for different values of the [CD]/[AD] ratio for (a)
CD dimer 2a and (b) CD dimer 2b; the concentration of AD—
chitosan is 2.5 g/L.

physical polymer associations related to the high rigidity
of the backbone (Dgow = 1.5 x 10712 m?/s at 2.5 g/L).
For the solutions of the AD—chitosan studied at a lower
salt concentration (0.03 M CH3;COONa), values for both
modes of relaxation Dgst = 3.1 x 10711 m?/s and Dgjow =
2.0 x 10712 m?s fairly agree with the work of Buhler et
al., meaning that the hydrophobic modification has only
a weak effect on the overall conformation of the polymer
chains in solution as already pointed out in previous
works,5¢22

The influence of the addition of dimers 2a and 2b on
the dynamics of AD—chitosan solutions clearly depends
on their chemical nature as pointed out in Figure 9.
Addition of 2a to the AD-—chitosan solution weakly
affects the average relaxation time for the fast mode
whereas the slow mode is clearly slowed down by the
increase of the [CD]/[AD] ratio (Figure 9a). When
compound 2b is considered (Figure 9b), both modes of
relaxation are slowed down as long as the [CD)/[AD]
ratio R remains lower than 1.8. Then, above this value,
both average times of relaxation decrease.

A clearer image of the influence of the addition of CD
dimers 2a and 2b on the dynamics of the solutions may
be gained when considering the variation of the appar-
ent diffusion coefficients with the [CD]/[AD] ratio (see
Figures 10 and 11). For the fast mode of relaxation, the
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Figure 10. Variation of the apparent diffusion coefficient for
the fast mode of relaxation obtained from DLS with the [CD]/
[AD] ratio when CD dimer 2a (triangles) or CD dimer 2b
(circles) is added.
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Figure 11. Variation of the apparent diffusion coefficient for
the slow mode of relaxation obtained from DLS with the [CD]/
[AD] ratio when CD dimer 2a (triangles) or CD dimer 2b
(circles) is added. Data have been rescaled by the macroscopic
viscosity of the solutions in (b) (see text).

apparent diffusion coefficient slightly decreases by 13%
when dimer 2a is added and remains roughly constant
for R values ranging from 0.3 to 1.2. Then, above 1.2,
Dy increases. For dimer 2b, the decrease of D with
R is much more pronounced (almost 50%) and is a more

cooperative phenomenon. Furthermore, D™ increases

app
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for R values higher than 1.5. These tendencies must be
closely related to the variation of the viscosity observed
in the presence of both dimers. The greater binding
strength showed by the CD cavities of compound 2b
toward adamantane and the higher rigidity of dimer 2b
makes it more efficient as a complexing agent. Thus, at
the mesoscopic scale dimer 2b slows down the dynamics
of AD—chitosan in a larger extent than dimer 2a, which
results in a higher viscosity enhancement. Furthermore,
above an optimal [CD]/[AD] ratio corresponding likely
to the complete complexation of the accessible grafted
adamantane groups, the predominance of monocom-
plexation of dimers with respect to their dicomplexation
results in both cases in an increase of D,

Regarding now the slow mode of relaxation obtained
from DLS, Figure 1lla displays the variation of its
apparent diffusion coefficient with the ratio [CD]/[AD].
It can be seen that the slow mode is deeply affected by
the addition of both CD dimers and that this effect is
tremendous in the case of dimer 2b. Nevertheless, it
should be emphasized that considering the size of the
scattering species responsible for the slow mode, the
viscosity which is felt locally by these species is rather
the macroscopic viscosity of the solutions than the
viscosity of the solvent. Accordingly, the data have been
rescaled by the macroscopic viscosity 5 of the samples
as shown by Figure 11b (o is the viscosity for the
solution of AD—chitosan at 2.5 g/L). For both dimers,
one can clearly see that the diffusion coefficient is
roughly constant over the whole R range investigated,
which means that dimers 2a and 2b have nearly no
influence on the size of the aggregates that may be
formed in the initial polymeric solution by some physical
associations. Actually, this situation is reminiscent of
the case encountered with hydrophobically end-capped
poly(ethylene oxide) dissolved in water where spurious
PEO aggregates turn out to be slowed down by the huge
increase in the viscosity of the solution with the
concentration due to the associating properties of the
polymer.23

In conclusion, we have demonstrated by a combina-
tion of viscometric and DLS studies that CD ho-
modimers can efficiently increase the viscosity of a
hydrophaobically modified polymer, AD—chitosan, through
the formation of physical cross-links. The ability of the
CD dimers to cross-link AD—chitosan chains was shown
to be closely related to their molecular architecture. In
fact, the number of aliphatic spacers (1 or 2) connecting
the two CD cavities changes their inclusion properties
as shown by isothermal titration calorimetry, and this
has a pronounced effect on the stability of the complex
and hence on the ability of dimers to enhance the
viscosity of AD—chitosan solutions. The cross-linking
properties of more complex CD derivatives are currently
under investigation and will be reported in the near
future.
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