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Cyclodextrins (CD) have gained much attention because of
their ability to form inclusion complexes in aqueous solu-
tions.!! Herein we describe the synthesis of cyclodextrin-
containing polymers by 1,3-dipolar cycloaddition. This type of
click reaction is not only devoid of side reactions, but also
provides access to complex structures in high yields. The
process is experimentally simple and has enormous scope.?

We investigated the influence of different ionic liquids as
guests on the lower critical solution temperature (LCST) and
hydrodynamic volume of copolymers consisting of N-isopro-
pylacrylamide (NIPAAM) and methacrylated CD. The tria-
zole-CD-containing methacrylate 3 was obtained by a click-
type reaction of propargyl methacrylate 2 with CD-azide 1
under microwave-assisted reaction conditions.”! The mono-
mer 3 and NIPAAM 4 were radically copolymerized in a
molar ratio of 1:20 using a water-soluble azo initiator in an
aqueous medium (Scheme 1). The number-average molar
mass (M,) of the obtained copolymer 5 was about
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Scheme 1. Synthesis of the CD-NIPAAM copolymer. MW = microwave.
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16000 gmol " according to GPC measurements, using poly-
styrene as standard. The copolymer § was further character-
ized by '"H NMR spectroscopy, turbidity measurements, and
dynamic light scattering (DLS).

The temperature-dependent solubility of aqueous solu-
tions of copolymer 5 was investigated by monitoring changes
of transparency as a function of temperature. Copolymer 5
had a slightly increased LCST at 36°C, which is about 3°C
higher than that of homopoly(NIPAAM).M This increased
value is caused by the influence of hydrophilic CD compo-
nents in the copolymer, which leads as expected to an
increased water solubility in comparison to the corresponding
homopolymer of NIPAAM.P!

The attached CD rings suggest that the copolymer § can
form supramolecular polyelectrolyte-type structures through
host-guest interactions with suitable ionic guests. To test this
assumption, turbidity measurements were carried out. We
used three ionic liquids® (ILs) 6-8 to investigate their
influence on the LCST values of copolymer 5. The ionic
liquids were synthesized by alkylation of N-vinylimidazole,
followed by exchange of the anions (Scheme 2). In recent
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Scheme 2. Synthesis of the three vinylimidazolium ionic liquids (IL)
with the anions 6, 7, and 8.

model studies, we evaluated the complex stabilities and
stoichiometries of these ionic liquids 6, 7, and 8 with CD
(Table 1).”7 Until now, mainly adamantyl guests have been
reported to form exceptionally stable complexes with CD.[®!

Table 1: Stability constants, AH and TAS values of 6, 7, and 8 with CD at
25°C.

IL anion K —AH TAS
[k} mol™] [k) mol™] [k} mol™]
6 5300 9.75 11.52
7 21000 23.51 1.18
8 8100 32.25 —9.92

[a] Determined by microcalorimetric titrations.

T IWILEY
o,

) InterScience’

Chemie

3435



Communications

3436

However, in our studies, we could show conclusively that the
fluorinated anions 7 and 8 have a high tendency to form
inclusion complexes with CD (Table 1).

As shown in Table 2, the cloud points (LCST) of the
aqueous NIPAAM-CD copolymer 5 change significantly with
ILs 6, 7, and 8 as guest molecules. The LCST values of

Table 2: LCST of copolymer 5 and its complexes with 6, 7, and 8 in water.
5+6 5+7 5+8
LCST [°C]® 36 43 53 34

Polymer 5

[a] Determined by turbidity measurements.

complexed copolymers 5 increase after addition of ionic guest
molecules 6 and 7. This increased hydrophilicity of pseudo-
polyanions results from the free carboxylate (IL 6) and
sulfonate (IL 7) groups, which are preferentially located in the
aqueous phase and therefore responsible for these increased
LCST values of 43°C and 53°C, respectively.

Complexation of the bis(trifluoromethylsulfonyl)imide
anion 8 leads to a compound in which the hydrophobic
trifluoromethylsulfonyl group is preferentially located in the
centre of the CD-cavity, leading to a decreased LCST value.
The cloud points of the copolymer 5 decrease with increasing
hydrophobicity of the ionic liquids, as expected (Table 2).[
This observed influence of ILs on the LCST values is a result
of the complexation of negatively charged guests in CD
cavity. In other words, starting from a neutral polymer, we
obtained a pseudopolyanion (Scheme 3).

IL
in water

® ®

Scheme 3. Generation of pseudopolyanions.

The hydrodynamic diameters of copolymer 5 without
guests, and copolymer 5 with charged guest molecules
included, were measured by DLS (Table 3). Surprisingly, the
results indicate that polymer § has a larger mean coil size than
that of its complexes with IL 6 and 7. In both cases (5 + 6 and
5+7), the negative charges of the anions are in contact with
the water phase, owing to the hydrophobic cavity of CD. A
possible reason for this situation is the increasing ionic
strength, which leads to some intramolecular interactions
between the CD-complexed anions and the cations in
solution, resulting in a largely reduced intra- and intermo-
lecular repulsion of the chains. These attractive forces
obviously lead to a decrease of the hydrodynamic diameter
of the complexes 546 and 5+ 7 (Scheme 4). We can thus
conclude that electrostatics override entropy effects.”

In contrast, the hydrodynamic diameter of the complex
5+ 8 slightly increases in comparison to the pure copolymer §
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Table 3: Determination of hydrodynamic diameter of the complexes of 5
with 6, 7 and 8 at 25°C in water.

System Diameter [nm]

5 15.1

5+6 11.5
5+7 9.8
548 16.5

shrinkage expansion

Scheme 4. Intramolecular interactions of guest molecules (IL 6 and IL
7) with covalently bonded CD lead to shrinkage with IL anions 6 and 7
(left), or to expansion of the polymer chains with IL 8 (right) For
details, see text.

(Scheme 4), owing to incorporation of the anion group of
guest monomer 8 into the CD ring. Furthermore, as shown in
Table 1, the entropy of the complex-formation process of IL 8
with CD is very negative, which indicates that a noncoordi-
nating character of the covered anion dominates. Thus, the
cation—cation repulsion plays a major role and determines the
extended polymer coil structure.

The light-scattering results are consistent with the out-
comes of the turbidity measurements. The complexes 5+ 6
and 5+ 7 are more hydrophilic than the pure copolymer 5,
resulting in an increase of the LCST. A decrease in hydro-
dynamic diameter is due to counterion effects. In case of IL 8,
a lower cloud point was obtained, because the ions are
covered by the CD ring and therefore spatially separated
from the cation. A higher hydrodynamic diameter is a result
of electrostatic repulsion between the cations. These results
are due to the delocalized negative charge of the anion of 8.
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Thus, the inclusion of ionic liquids into the cavity of a
neutral copolymer consisting of NIPAAM and methacrylated
CD generate a new type of polyelectrolyte, so-called pseu-
dopolyanions. This result may open a new field of research in
the area of polyelectrolytes. One important application would
be in the field of hydrogels. The shrinkage and expansion
behavior of cyclodextrin-containing networks could be con-
trolled by supramolecular interaction of the CD components
with ionic liquids. Moreover, the solubility behavior of CD-
containing polymers could be controlled by complex forma-
tion.

Experimental Section
5: Monomer 3 (0.174 g, 1.4 mmol, 0.118 mg) was added to a solution
of NIPAAM 4 (0.100 g, 0.07 mmol) in 0.7 mL H,O. The solution was
flushed with argon for 15 min, and the initiator VA-044 (2,2’-azobis[2-
(2-imidazolin-2-yl)propane]dihydrochloride) (0.03 mmol) was added
under argon atmosphere. After stirring at 50°C overnight, the
copolymers were separated from the hot reaction mixture by
filtration and dried under vacuum.

Characterization and further synthetic procedures are given in
the Supporting Information.
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