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Introduction

There has been considerable interest in exploiting
specific interactions to drive macromolecular self-as-
sembly. DNA complementarity! and polypeptide helix
formation?? have been used to produce three-dimen-
sional structures and biomaterials. Polysaccharides
have also been employed to create tailored supramo-
lecular structures.*”7 For example, polysaccharide in-
teractions are the basis for many applications in foods,3 11
and biomolecular recognition often involves polysaccha-
ride—protein interactions.'’12 Supramolecular assem-
blies based on polysaccharides have recently attracted
considerable attention.!3~1% Cyclodextrins (CDs) are one
example of materials that have been used to create novel
supramolecular structures.*7

Cyclodextrins are ringed structures with 6, 7, or 8
dextrose units (a-, -, and y-CD, respectively). The
central cavity is hydrophobic and can specifically bind
hydrophobic species to form “inclusion compounds”.*?
The inclusion interactions of CDs with hydrophobic
guest molecules have been widely studied.*~7-16:17 How-
ever, if cyclodextrins and hydrophobic groups are in-
corporated onto two different polymer chains and mixed,
polymer networks will be formed due to inclusion
interactions that involve only binary interactions.!8-21

The first studies of rheology modification and self-
assembly between CD bearing chains and hydrophobi-
cally modified chains appear to be that of Gosselet,?!
who looked at association between a side-chain hydro-
phobically modified dimethylacrylamide (DMA)/hydro-
oxyethyl methacrylate (HEMA) copolymer and a copoly-
mer of CD and epichlorhydrin (EP). They observed
specific viscosity enhancement of 10-fold and for some
ratios uncontrolled gelation. The weight fraction of CD
in the CD/EP polymers were on the order of 50%, and
the hydrophobic substitution levels on the hm-DMA/
HEMA were 0.6—5%. The results are encouraging, but
the mismatches in molecular weights of the polymers
and the mismatches in CD/HM ratios make it difficult
to understand the stoichiometry of assembly or to
develop a theory of association.

Associative thickeners based on water-soluble poly-
mers with terminal hydrophobes or multiple hydro-
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phobes pendant along the backbone have made sub-
stantial inroads in the coatings, cosmetics, and pharma-
ceutical industries.?2726 They provide fluids with tunable
viscosities, diffusion characteristics, and relaxation
times without undesirable effects associated with elon-
gational thickening.2’~2° The theory of associative poly-
mers has also developed significantly over the past
decade. While the theories capture the qualitative
features of the systems, a quantitative comparison
between theory and experiment has not been possible
because tractable theories have had to incorporate only
binary associative interactions.?°3¢ But fluorescence
measurements indicate the hydrophobic associative
groups form clusters with 10—30 groups per junction
(see Figure la), and the number of groups in the

junction changes with the overall polymer concentra-
tion. 25,3536

In this paper we present a new associative polymer
system based on inclusion interactions between hydro-
phobes and cyclodextrins (Figure 1b) that not only
produces tunable rheology and higher viscosities than
purely hydophobically modified polymers but also pro-
vides a model network for quantitative comparisons
with theory. We describe the synthesis of a novel
associative polymer system based on mixtures of CD-
modified and hydrophobically-modified (HM) water-
soluble polymer chains. The cyclodextrin inclusion is
strictly binary, and its strength can be tuned by the
choice of CD and hydrophobic species. The inclusion
interactions lead to stronger associations and higher
solution viscosities than purely hydrophobic interactions
at the same polymer concentration. The disruption of
the association between hydrophobically modified poly-
(acrylic acid) by free cyclodextrin occurs at approxi-
mately a stoichiometric ratio of cyclodextrin to hydro-
phobe. This and the fact that the viscosity maximum
for the mixed CD-polymer:HM-polymer occurs at a
stoichiometric ratio of cyclodextrin-to-hydrophobe indi-
cates that the network involves binary associations. The
ability to mask the hydrophobe interactions with cyclo-
dextrins and to “unmask” them by enzymatic removal
of the cyclodextrins may provide novel routes to fluids
with triggered rheological responses. The binary nature
of the interactions also makes the system ideally suited
to test the predictions of theories for the statics and
dynamics of associative fluids.

Experimental Section

Materials. Poly(acrylic acid) (PAA) (M, = 250 kg/mol,
M/M, ~ 2) was purchased from Aldrich. Octadecylamine
(97%, Aldrich), N-methylpyrrolidone (NMP) (99.5%, Aldrich),
dicyclohexylcarbodiimide (99%, Aldrich), sodium hydroxide
(97%, EM Science, NdJ), methanol (99.5%, Aldrich), and o- and
pB-cyclodextrin (Wacker Biochem. Corp.) were used without
further purification. The 6-amino-a-deoxy-a- and f-cyclodex-
trins were synthesized and characterized as reported previ-
ously.?” The modified cyclodextrins were characterized by 'H
and ¥C NMR spectroscopy and mass spectrometry that gave
results identical to those published.

Modification of Poly(acrylic acid)s with Cyclodextrin
Side Groups. Poly(acrylic acid)s with a- or f-cyclodextrin side
groups (a- and 5-CDMPAA) were obtained by the reaction of
monoamino cyclodextrin with the carboxyl group of PAA in
an aprotic solvent in the presence of dicyclohexylcarbodiimide
(DCC). The selective acylation of the amino group in the
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Figure 1. Schematic structures of polymer associations: (a) pure hydrophobic association; (b) polymer network generated by
encapsulation (inclusion) of the hydrophobes of one polymer within the annuli of the cyclodextrins contained in another polymer.

Inset shows chemical structure of S-cyclodextrin.
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Figure 2. Synthesis of modified PAA bearing o- or -cyclo-
dextrin side groups.

presence of the cyclodextrin hydroxyl groups occurs because
of the much greater reactivity of the primary amine under the
experimental conditions (Figure 2).

In a typical run, 0.90 g (12.5 mmol of —COOH groups) of
PAA of 250K was dissolved in 30 mL of NMP at 60 °C for 24
h. Then, 0.43 g (0.37 mmol) of monoamino-S-cyclodextrin
(dissolved in 3.0 g of NMP) and 0.10 g (0.48 mmol) of DCC
(dissolved in 2.0 g of NMP) were introduced into the PAA
solution under vigorous stirring. After a reaction for 48 h at
60 °C, the system was cooled to room temperature, followed
by addition of 35 mL of 40 wt % NaOH aqueous solution to
precipitate the polymer. The precipitate was washed twice with
15 mL of hot NMP (60 °C) and then with 20 mL of methanol
at room temperature. After filtration under vacuum, the solid
product was dissolved in 12.5 mL of DI water and precipitated
in 100 mL of methanol (twice).

Finally, the product was dissolved into 20 mL of DI water
and dialyzed (Spectra/Por 3 tubing, molecular weight cutoff
3500 g/mol) against DI water until the conductivity of water
outside the tube remained constant. The final dry product was
obtained by freeze-drying after concentrating the solution to
10 wt % by evaporation.

Synthesis of Hydrophobic Modified Poly(acrylic
acid). Hydrophobically modified poly(acrylic acid) (HMPAA)
was synthesized following the procedure developed by
Tliopoulos et al.?37%0 n-Octadecylamine grafting onto precursor
poly(acrylic acid) is conducted using dicyclohexylcarbodi-
imide (DCC) in N-methylpyrrolidinone (NMP) as solvent.
Throughout this note we will denote the modified polymer
HMPAAx%yCz, where x is the mol % hydrophobic substitution,
y is the PAA molecular weight in daltons, and z is the number
of carbon atoms in the alkyl side group. For example,
HMPAA3%250KC18 means 3 mol % carboxyl groups in
PAA with molecular weight of 250K Da are substituted by
n-octadecylamine.

PAA

a-CD

o-CDMPAA

B-CDMPAA

M
o

—————r—————7 7T
5 4 3 2 1 ppm

Figure 3. 'H NMR spectra of PAA, cyclodextrin, and modified
polymers in D;O.

HMPAA

Characterization. 'H NMR spectra were recorded on a
Varian Inova-400 NMR spectrometer operating at 400 MHz
for protons at room temperature (Figure 3). Samples were
dissolved in D2O at ca. 2 wt %. The degree of substitution for
the carboxyl groups in PAA by a- or -cyclodextrin side groups
was determined according to eq 1:

substitution (mol %) = x 100 1)

vl =] >

where n is the number of dextrose units in cyclodextrin; A;
and A, denote the peak areas of cyclodextrin at 4.85 ppm and
the CH;, peak at 1.30 ppm in 'H NMR spectra (Figure 3). The
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Figure 4. Viscosity as a function of molar ratio of a-CD (O)
and B-CD (O) to C18 group in 0.5 wt % hydrophobically
modified polymer HMPAA3%250KC18 (in 0.1 M NaCl, pH =
7) at a shear rate of 20 s71.

calculated substitution degree for ac-CDMPAA and f-CDMPAA
are 2.5% and 2.1%, respectively.

The hydrophobic substitution level for HMPAA3%250KC18
was determined as 3.0% from the peak areas of CHs group
(A3) from n-octadecyl side group at 0.63 ppm and CHg groups
(Asg) from both PAA backbone (1.30 ppm) and n-octasdecyl side
group (1.08 ppm) (Figure 3)3® according to eq 2:

substitution (mol % ) = x 100 (2)

3
2mA,
A, - —5

where m denotes the number of CHy in a hydrophobic side
chain, e.g., m = 17 for n-octadecyl side chain.

The steady and dynamic rheological measurements were
performed on a Rheometrics DSR stress-controlled rheometer
with 25 mm cone and plate geometry. The temperature was
controlled to 25 + 0.1 °C by a Peltier plate. Samples for the
rheological measurements were prepared as follows: the
polymer was dissolved in 0.1 M NaCl aqueous solution in order
to screen the electrostatic interactions, and the pH was
adjusted to 7.0 & 0.2 using 0.2 M NaOH. The effect of pH and
ionic strength on the rheology of hydrophobically modified PAA
has been studied by Wang et al.** They observed that a
viscosity maximum occurs as a function of ionic strength (77max
at 0.17 M NaCl) and pH (/7max at pH = 5). These maxima have
been explained in terms of the competition between hydro-
phobic association and electrostatic repulsions. For this study
we have chosen a fully substituted PAA-Na at a pH of 7.0 and
an ionic strength of 0.1 M NaCl.

Results and Discussion

Disruption of Hydrophobically Modified Poly-
(acrylic acid) (HMPAA) Association by Free Cy-
clodextrin. Addition of a- or fS-cyclodextrin to the
aqueous solution of HMPAA leads to significant reduc-
tion in the solution viscosity and dynamic moduli as the
free cyclodextrin sequesters hydrophobic association
sites.16:17

Figure 4 shows the effect of adding different amounts
of a- or f-cyclodextrin to 0.5 wt % HMPAA aqueous
solution on the solution shear viscosity obtained at a
shear rate of 7 = 20 s~1. The viscosity of precursor PAA
at this shear rate is 3.9 mPa-s, and the addition of -
or 3-cyclodextrin leads to 2-fold decrease in the solution
viscosity (Figure 4). The viscosity reduction is due to
the removal of the hydrophobic aggregation as the
hydrophobic groups form inclusion compounds with
cyclodextrins (cf. Figure 1b).
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Figure 5. Viscosity as a function of molar ratio of a-CD (O)
or $-CD (O) groups in 0.5 wt % modified PAA aqueous solutions
to C18 group in 0.5 wt % hydrophobically modified polymer
(in 0.1 M NaCl, pH = 7) at a shear rate of 20 s71.

The viscosity drops to a plateau, implying complete
suppression of the hydrophobic interactions, when the
molar ratio of a- or S-cyclodextrin to hydrophobic side
groups reaches one. There are no other direct studies
of the relative ability of a- vs -cyclodextrin to disrupt
hydrophobically modified polymer associations. Abdala
et al.l” quantified precipitates formed by a- and S-cy-
clodextrin interacting with hydrophobic “macromono-
mers” that were not part of a polymer chain. a-Cyclo-
dextrin was found to precipitate a greater amount of
macromonomers from solution, but there is no direct
link between this precipitation and solution viscosity.
Karlson et al. studied the effects of o-methylcyclodex-
trin, -cyclodextrin, and S-methylcyclodextrin on the
viscosity of hydrophobically modified hydroxylethylcel-
lulose solutions and showed a reduction in viscosity with
added cyclodextrin.1®

Binary Macromolecular Association between
Cyclodextrin-Modified Poly(acrylic acid)
(CDMPAA) and HMPAA. When the cyclodextrin is a
component of the polymer chain, rather than free in
solution, then key-in-lock structures are formed. A
synergetic effect is observed upon addition of 0.5 wt %
o- or f-CDMPAA to 0.5 wt % HMPAA solution (Fig-
ure 5). Note that the viscosities of 0.5 wt % o- and
B-CDMPAA are 4.1 and 3.9 mPa-s, respectively. The
viscosity increases upon mixing resulting from the
association of the two polymers types by inclusion of
hydrophobic alkyl side groups (C18) into a- or S-cyclo-
dextrin cavities (Figure 1b).

Figure 4 shows a maximum in the shear viscosity at
a molar ratio of cyclodextrin to alkyl groups (C18:CD)
of 1:1. At this ratio, the majority of hydrophobic groups
on HMPAA are involved in a 1-to-1 association with a-
or S-cyclodextrin group on CDMPAA. The decrease in
the solution viscosity at CDMPAA/HMPAA ratio higher
than 1 is due to the fact that the viscosity of the
nonassociating CDMPAA is less than one-half of the
viscosity of HMPAA, which has some minor level of
interchain hydrophobic association. The one-to-one com-
plex has a viscosity 2 times the viscosity of the pure
HMPAA3%250KC18 polymer and 4 times the viscosity
of CDMPAA solution.

The specificity of the cyclodextrin inclusion interaction
thus provides a new way to produce association fluids
with variable structure. The addition of excess cyclo-
dextrin, or enzymatic removal of cyclodextrin, provides
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a new means for controlling structure. And the 1:1
stoichiometry of the association will allow quantitative
tests of associating network theories.

Conclusions

A new routine to synthesize a- and f(-cyclodextrin-
modified PAA and a novel associative polymer networks
based on mixtures of CD-modified and hydrophobically-
modified (HM) PAAs were described. The inclusion
interactions between CD and hydrophobe grafts in PAAs
lead to stronger associations and solution viscosities
than purely hydrophobic interactions at the same
polymer concentration. The screening of the association
between hydrophobically modified poly(acrylic acid)s
by free a- or f-cyclodextrins occurs at approximately
a stoichiometric ratio of cyclodextrin to hydrophobe.
And the maximum of solution viscosity for the mixed
CDMPAA and HMPAA also occurs at a stoichiometric
ratio of cyclodextrin-to-hydrophobe. This indicates that
the network involves binary associations driven by
cyclodextrin inclusion. These novel associative polymer
networks with unique binary interactions should be
ideal model systems to test the theoretical predictions
for the statics and dynamics of associative fluids.
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