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Abstract

A method is proposed to prepare B-cyclodextrin (-CD)/polyaniline (PANI) inclusion complex. In this route, ben-
zoyl peroxide (BPO, the oxidant) is first encapsulated into the cavity of B-CD. Aniline is then carried into the cavity of
B-CD by supercritical (SC) CO,, which polymerizes in situ to form inclusion complex. The product is characterized by
FT-IR, UV-Vis, '"H NMR and XRD techniques. The results suggest that the columnar inclusion complexes may be

formed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyclodextrins (CDs), such as a-, B-, y-CD, are cyclic
molecules consisting of six to eight glucose units. The
cylindrical structure with the hydrophobic cavities about
0.7 nm in depth and 0.5-0.8 nm in diameter yields vari-
ous unique properties. For example, they can form com-
plexes with various small molecules by including them
into the cavity [1]. Since the report that CDs can thread
onto a polymer chain [2,3], much interest has been con-
centrated on preparing inclusion complexes of CDs and
polymers [4-6].
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Polyaniline (PANI) has emerged as one of the most
promising organic conducting polymers due to its high
environmental stability, facile redox, pH switch behav-
ior, and low cost [7,8]. Polymerization of aniline within
the cavity of clay [9] and zeolite [10] have been reported.
Recently, Ito and co-workers [11,12] found that it
was possible for PANI to form inclusion complex with
B-CD in organic solvents at low temperature, and Yuan
et al. developed an in situ polymerization method in
aqueous solution [13]. However each of the method have
disadvantages, such as the residue of solvent in the prod-
uct and difficulty in dealing with the product after the
reaction, so finding a better solvent to prepare complex
is desirable.

There has been increasing interest in using supercritical
carbon dioxide (SC CO,) as a substitute for conventional
organic solvents because it has high diffusivity, low viscos-
ity, near zero surface tension, mild critical parameters, and
it is nontoxic, nonflammable, and inexpensive. In recent
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years, SC CO; has been used widely in materials science
[14-16], such as preparing polymer—polymer composites
[17,18], impregnation of carbon nanotubes with metal
[19] and polymer [20], impregnating different additives
into polymer matrices [21].

In this work, we report the preparation of inclusion
complex between B-CD and PANI using SC CO, for
the first time. In this process, benzoyl peroxide (BPO)
was encapsulated into B-CD as an oxidant, aniline was
then carried into the cavity of B-CD by SC CO, where
aniline was polymerized to form inclusion complex be-
cause aniline is partially soluble in SC CO, [22,23]. After
the reaction, SC CO, can be easily removed only by
releasing the pressure, and there is no residue of solvent
in the product. We believe that the environmentally
benign method can be used to prepare some other
CD-based complexes.

2. Experimental
2.1. Materials

B-cyclodextrin was purchased from Aldrich Co. and
used as received. Aniline (A. R. grade) was provided
by Beijing Chemical Reagent Center. Benzoyl peroxide
(BPO) was recrystallized twice from methanol. CO, with
a purity of 99.95% was supplied by Beijing Analytical
Instrument Factory and used as received.

2.2. Preparation of inclusion complex

BPO (0.15 g) was first dissolved in 10 ml ethanol. The
solution was mixed with 45 ml aqueous B-CD solution
(1.5 wt.%) with vigorously stirring, and white precipitate
was obtained. The precipitate was washed with acetone
to remove excess BPO, and BPO-B-CD complex was ob-
tained by centrifugation.

BPO-B-CD complex (4 g) was loaded into a stainless
steel cell of 30 ml. A small glass tube with 0.2 g of aniline
was placed into the cell. The BPO-B-CD complex and
aniline in the cell was separated by the wall of the glass
tube. The cell was placed in a water bath of 35.0 °C. CO,
was compressed into the cell up to 16 MPa. The aniline
dissolved in SC CO, diffused into BPO-3-CD complex
and polymerized. After a reaction time of 12 h, the sys-
tem was depressurized to atmospheric pressure. Blue
powder was observed at the bottom of cell. The powder
was washed with water and acetone to remove excess
free B-CD and oligomers in the product.

2.3. Characterization
The FT-IR spectra of the samples pressed in a KBr

pellet were collected on a Bruker IR spectrometer (TEN-
SOR 27). UV-Vis spectra were determined on a TU-

1201 model spectrophotometer (resolution: 0.5 nm). 'H
NMR spectra were recorded with DM-300 (Bruker)
spectrometer in DMSO-ds. X-ray power diffraction
(XRD) analysis was carried out by a D/MAX. RB
diffraction-meter (made in Japan) with CuKa radiation
(2=0.154 nm) at 40kV and 200 mA. The scanning
speed and the step were 2°/min and 0.02°, respectively.

3. Results and discussion
3.1. FT-IR

The FT-IR spectra of B-CD, PANI, the product and
the physical mixture of PANI and B-CD are shown in
Fig. 1. Compared with the spectrum of the pure p-CD,
the spectrum of the product shows peaks that related
to the PANI, the peak at 1605 and 1330 cm~! corre-
sponding to the stretching of N=Q=N ring and the aro-
matic C-N stretching in PANI, where Q represents the
quinoid structure. This confirms the existence of the
PANI in the product. For pure PANI, the two peaks
mentioned above are at 1570 and 1306 cm™" [24], respec-
tively. In the physical mixture of the PANI and B-CD,
the wave numbers of these two peaks are the same with
those of pure PANI. All these suggest that PANI and
B-CD in the product are not simply blended. The N
atoms of the polymer chain probably provide the elec-
tron to form hydrogen bond [25]. As a result, the wave
numbers of the two peaks of PANI in the inclusion com-
plex are different from that of pure PANI and in the
physical mixture of PANI and B-CD.

3.2. UV=Vis

It is well-known that PANI is insoluble in water
and common organic solvents due to its conjugation
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Fig. 1. FT-IR spectra of PANI (a), B-CD (b), physical mixture
of PANI and B-CD (c), and product (d).
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Fig. 2. The UV-Vis spectra of p-CD and PANI-B-CD inclusion
complex in DMSO.

structure. But the product of this work is partly soluble
in DMSO (dimethyl sulfoxide) and some other organic
solvents. The enhanced solubility may come from the
stronger solvation between the B-CD and the solvents.
As a result, the compact coil structure of the polymer
is transferred into an expanded coil or linear structure

as reported by other authors [26]. UV-Vis spectra of
pure B-CD and the product in DMSO are shown in
Fig. 2. It can be seen that the complex has absorption
band at about 630 nm, while the pure B-CD has no
absorbance between 400 and 900 nm. So this band is
likely to attribute to the excitation band of the quinoid
ring on the chain of the PANI [27,28]. Furthermore,
the CO group present in B-CD molecule may form
hydrogen bond with the H that present on the N atoms
of the polymer chain. So the polarons become weak,
which results in the weak absorbance at higher wave-
length [25].

3.3 'H NMR

"H NMR spectra of pure B-CD and the complex are
shown in Fig. 3. The assignment of chemical shift of
pure B-CD is illustrated in Fig. 3a [29,30]. For the com-
plex (Fig. 3b), the chemical shift at 4.85 ppm is assigned
to the glucose ring in B-CD [30], and that at about 7 ppm
is likely attributed to the benzene ring in PANI [31]. As
aniline and oligomers were washed away by acetone, the
result also confirmed the existence of PANI and $-CD in
the products. After integration of the peaks in Fig. 3b, it
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Fig. 3. "H NMR spectra of B-CD (a) and PANI-B-CD complex (b) in DMSO-ds.
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Table 1
"H NMR data for the p-CD and PANI-B-CD complex

B-CD (ppm) PANI-B-CD (ppm)
B-CD-HI 4.82 4.82
B-CD-H2 3.31 3.31
B-CD-H3 3.56 3.66
B-CD-H4 3.35 3.36
B-CD-H5 3.51 3.61
B-CD-H6 3.63 3.64
B-CD-2-OH 5.76 5.76
B-CD-3-OH 5.68 5.69
B-CD-6-OH 4.48 4.49

can be known that the ratio of PANI and B-CD in the
complex is about 1:1. Furthermore, as can be seen from
Table 1, compared to pure B-CD, the chemical shift of
the interior protons H-3, H-5 in the product [29] have
movee upfield, which is perhaps due to the direct inter-
action of these protons with PANI molecule. In con-
trast, the chemical shifts of outer protons H-2 and H-4
[29] are relatively unchanged, indicating the interaction
occurs inside the cavity instead of the exterior of the
torus. The shifts were detectable and producible. There-
fore, this provides further evidence for the formation of
the inclusion complex.

3.4. XRD

X-ray diffraction (XRD) can give useful informa-
tion about inclusion complex of CDs and other poly-
mers, their structure can be classified as cage-type or
column-type [32]. We also use XRD to characterize
the product in this work. The XRD patterns of pure
B-CD and the product are given in Fig. 4. From the fig-
ure it can be seen that the number of reflection peaks of
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Fig. 4. The X-ray diffraction of B-CD (a) and PANI-B-CD
inclusion complex (b).

the product is less than that of pure B-CD. The pattern
has two major peaks at 20 = 11.80 and 17.72, suggesting
that the B-CD molecules in the complex are in more or-
dered form [33]. The pattern of complex is similar to that
of the columnar inclusion complexes between 3-CD and
poly (1,3-dioxolane) (PDXL) [34] or poly (propylene
glycol) (PPG) [35]. This implies that the -CD molecules
may be rearranged one by one and thread on the chain
of PANI in the product. Based on the chemical struc-
tures of PANI and B-CD, we deduce that the inclusion
complex is a pseudopolyrotaxane.

4. Conclusions

In summary, the inclusion complex between polyan-
iline and B-CD was prepared in SC CO,. The formation
of inclusion complex was confirmed by UV-Vis and
FT-IR. The '"H NMR and XRD analysis suggests that
the B-CD molecules is threaded onto the chain of PANI
and forms columnar inclusion complex. SC CO, is a
useful medium to synthesize inclusion CDs/polymer
complexes.
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