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Scheme 1. Chemical structure and atomic num
The inclusion complexation behavior and the solubilization effects of Bisphenol A (BPA, an endocrine-
disrupting chemical) by cyclomaltohexaose, -heptaose, and -octaose (a-, b-, and c-cyclodextrins) were
investigated by 1H NMR spectroscopy and by elemental analysis. The results showed that b- and c-cyclo-
dextrins gave the satisfactory solubilization ability to BPA up to 7.2 � 103 mg L�1 and 9.0 � 103 mg L�1,
respectively. X-ray crystallographic diffraction and ROESY spectroscopy were also employed to investi-
gate the structure of the b-CD/BPA inclusion complex in both aqueous solution and the solid state. The
result showed that this complex adopted a 2:2 stoichiometry in the solid state, that is, a head-to-head
b-CD dimer accommodated two BPA molecules. The inclusion of BPA led to the desolvation of the
b-CD cavity and the destruction of the circularly closed hydrogen-bond network in the secondary side
of b-CD, which made the complex more soluble.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Bisphenol A (BPA, Scheme 1) is widely used as a primary raw
material in the manufacture of epoxy resins and polycarbonate.
The human population is exposed to it from a wide range of mate-
rials to water. Unfortunately, BPA has been identified as an endo-
crine-disrupting chemical by the US Environmental Protection
Agency, and the World Wide Fund for Nature,1,2 since it can affect
reproductive behavior of both humans and animals, inducing var-
ious diseases including cancer, and even endanger the balance of
ecosystems.3,4 Moreover, BPA is difficult to remove once it accu-
mulates in the environment or in the human body due to its poor
solubility (381 mg L�1 in water, 25 �C).5 Therefore, research on the
ll rights reserved.

bering of CD and BPA.
removal of BPA, including its detection, capture, solubilization, and
degradation, has become very important and urgent. On the other
hand, cyclomaltooligosaccharides (cyclodextrins, CDs), a class of
cyclic oligosaccharides mainly with 6–8 D-glucose units linked by
a-1,4-glucose bonds, play an important role in BPA research. For
example, Del Olmo et al. reported a spectrofluorimetric method
for the determination of BPA in water, utilizing its enhanced fluo-
rescence after complexation by b-CD. 6 Deng et al. reported the en-
hanced photodegradation of BPA in the presence of b-CD under the
UV light.7 Kitano and co-workers and Aoki et al., respectively, syn-
thesized the insoluble CD materials by cross-linking b-CD with epi-
chlorohydrin8 and locating b-CD on a gold electrode9 or insoluble
chitosan,10 and investigated their absorption behavior with BPA.
The merits of the inclusion complex of b-CD with BPA, their struc-
tural character and recognition thermodynamics were also studied.
Del Olmo et al. first reported the stoichiometric 1:1 b-CD/BPA
inclusion complex with a high association constant.6 Kitano et al.
examined their complexation in 9:1 water–methanol system using
spectrofluorimetric and NMR measurements.11 Jouini and co-
workers further presented the optimized structural geometry of
the b-CD/BPA complex by theoretical calculations.12 However,
the solubility of BPA in b-CD solution has not been given much
attention, so that when a high concentration of b-CD/BPA solution
is needed in the study (just as in 2D NMR study), unwanted meth-
anol has to be introduced into the system. Herein, we wish to re-
port the solubilization of various CDs with BPA, as well as the
structural study of a b-CD/BPA complex in both water and the solid
state. This study might provide some useful information about the
depollution of BPA.
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2. Results and discussion

2.1. Solubilization

The solubilities of BPA in various CD solutions were obtained by
the following procedures. An equimolar mixture of CD and BPA
(1.3 � 10�3 mol) was combined in a sealed flask containing
20 mL of distilled water, and the mixture was placed in a thermo-
stated water bath (the fluctuation was ±0.05 K) for 3 days at 25 �C.
Then, 10 mL of supernatant was collected by filtration, and the sol-
vent was removed under reduced pressure with a rotary evapora-
tor. The solids were dried at 90 �C for 24 h and could be handled by
weighing. Figure 1 displays the spectra of the resultant solid. As
can be seen in Figure 1, the solids obtained from b-CD/BPA and
c-CD/BPA solutions showed clear 1H NMR signals, but that
obtained from the a-CD/BPA solution displayed no appreciable
1H NMR signals that could be assigned to the BPA protons. These
results indicate that only b-CD and c-CD could form inclusion com-
plexes with BPA. A comparison of the integral area of the BPA
protons with that of the CD protons showed that the molar ratio
between CD and BPA was 1:1 for b-CD/BPA and 1:0.8 for c-CD/
BPA. These ratios were further confirmed by the elemental analy-
ses data.

Due to the good capability of forming inclusion complexes with
BPA, both b-CD and c-CD showed satisfactory solubilization of BPA.
The water solubility of BPA, compared with that of free BPA
(381 mg L�1),5 was dramatically increased to approximately
7.2 � 103 mg L�1 and 9.0 � 103 mg L�1 after inclusion complexa-
tion with b-CD and c-CD, respectively. It should be noted that
the solubility of b-CD in the b-CD/BPA system (3.6 � 104 mg L�1)
is higher than that of native b-CD (1.88 � 104 mg L�1),13 which
might result from the destruction of the circularly closed hydro-
gen-bond network in the secondary side of native b-CD by the
inclusion of BPA.14 Moreover, the solubilization effects of BPA by
b- and c-CD was also determined by using simple UV–vis absorp-
tion by the way of monitoring the optical density at the peak
position of BPA. The results showed that b-CD and c-CD could
enhance the water solubility of BPA to 6.1 � 103 mg L�1 and
8.4 � 103 mg L�1, respectively, which were basically consistent
with the results gotten from the gravimetric method.
Figure 1. 1H NMR spectra of the resultant solid dried from (a) a-CD + BPA, (b) b-
CD + BPA, and (c) c-CD + BPA solutions in D2O at 25 �C.
2.2. Crystal structure of the b-CD/BPA complex

Figure 2 shows the crystal structure of the b-CD/BPA complex,
which was triclinic system with the space group P1. As can be seen
from Figure 2, one asymmetric unit of the b-CD/BPA complex con-
sists of a head-to-head dimer containing two b-CDs and two BPAs.
Each b-CD unit possesses an approximate 7-fold axis and main-
tains the round shape of the macrocycle, where every glucose res-
idue of b-CD has a 4C1 chair conformation, and the seven glycosidic
oxygen atoms are basically coplanar. Two b-CD units composed of
a hydrophobic cage where the phenol rings (ring ‘a’ and ring ‘a0’) of
two BPA molecules were completely located, and this hydrophobic
cage was stabilized by the cooperative contributions of seven
hydrogen bonds between the secondary hydroxyl groups of two
adjacent b-CD units, the hydrogen bonds between the hydroxyl
groups of BPA and the secondary hydroxyl groups of b-CD units,
as well as the p–p interaction between the a and a0 rings (centroid
separation 3.947 Å) of BPA molecules. It is noteworthy that, in the
crystal structure of the b-CD/BPA complex, no water molecules
could be found in the b-CD cavities. This was obviously distinct
with the crystal structure of native b-CD, where 6.13 water mole-
cules were included in the cavity of b-CD.14 This indicates that the
inclusion of BPA resulted in an extensive desolvation effect, which
was consistent with the reported result that the complexation
of b-CD with BPA gave the positive entropic change (DS� =
24.4 J mol�1 K�1) in aqueous medium.12 In addition, the circularly
closed O(2)–H� � �H–O(3) hydrogen-bond network, which existed
in the secondary side of native b-CD,14 was absent in the dimer,
which may favor the solubilization of b-CD with the included BPA.

Furthermore, through the hydrogen bonds between the hydro-
xy groups of neighboring dimers as well as the hydrogen-bond net-
work mediated by the water molecules around the dimers, the
head-to-head dimer of b-CD/BPA self-assembled as a two-dimen-
sional layer in the x, y plane (see Fig. S1 in the Supplementary data).
Then, the two-dimensional layers were packed along z-axis to form
the three-dimensional architecture by the hydrogen bonds among
neighboring layers (see Figs. S2 and S3 in the Supplementary data).

2.3. Structure of b-CD/BPA complex in solution

To further investigate the structure of b-CD/BPA complex in
water solution, ROESY experiments were performed at 25 �C in
Figure 2. (a) The head-to-head dimer of b-CD/BPA complexes. H-atoms and solvent
water molecules are omitted for clarity, and the molecules are colored by atom
type. (b) The BPA molecules in the dimer.
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D2O. Since NOE cross-peaks between the protons that are closer
than 0.4 nm in space will be observed in the ROESY spectrum,
and the relative intensities of these cross-peaks depend on the
spaces between the corresponding protons, the NOE correlations
between the protons of BPA and the inner protons of b-CD cavity
(H-3/H-5) should be determined by the ROESY spectrum when
BPA is included in the b-CD cavity.15,16 Jouini and co-workers
reported a 1D 1H NMR experiment on the b-CD/BPA complex in
D2O.12 Herein, we further investigated the 2D ROESY spectrum of
the b-CD/BPA complex to obtain its structural information in solu-
tion. As shown in Figure 3a, the ROESY spectrum of the b-CD/BPA
complex displayed clear NOE cross-peaks between the Ha protons
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Figure 3. (a) 1H ROESY spectrum of the b-CD/BPA complex (8 � 10�3 mol L�1) in D2O at 2
solution.
of BPA and the H-3/H-5 protons of b-CD (peaks A and B), as well as
NOE cross-peaks between the Hb protons of BPA and the H-3/H-5
protons of b-CD (peaks C and D). These NOE cross-peaks indicate
that the phenyl ring of BPA is deeply included in the hydrophobic
cavity of b-CD. However, we could not present a reasonable single
illustration to explain these observations. Considering the compa-
rable intensity of peaks E and F (peaks E assigned to the NOE cross-
peaks between the Hc protons of BPA and H-3 protons of b-CD,
peaks F assigned to the NOE cross-peaks between the Hc protons
of BPA and H-5 protons of b-CD), we deduced that the BPA mole-
cule is included into the b-CD cavity in two different modes, as
illustrated in Figure 3b.
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3. Conclusions

In summary, the solubilization abilities of various CDs with BPA
were assessed, and the results showed that b-CD and c-CD signif-
icantly enhanced the water solubility of BPA by 19 and 24 times,
respectively. The structure of the b-CD/BPA complex was investi-
gated in both water and the solid state, which demonstrated that
the desolvation of b-CD cavity and the destruction of the circularly
closed hydrogen-bond network in the secondary side of b-CD upon
the BPA inclusion led to the satisfactory solubilization of b-CD with
BPA.

4. Experimental

4.1. Materials and instruments

BPA was the commercially available product and was used after
purification by recrystallization from toluene. The cyclomaltooli-
gosaccharides (cyclodextrins, a-, b-, and c-CD) were purchased
from TCI and used as received. Distilled water was used for aque-
ous solutions. Elemental analyses were performed on a Perkin–
Elmer 2400C instrument. 1H NMR and ROESY (rotating frame
Overhauser effect spectroscopy) spectra were recorded on a Varian
Mercury VX300 spectrometer. UV spectra were performed on a
Shimadzu UV-3600 spectrophotometer. The X-ray intensity data
were collected on a Rigaku MM-007 rotating anode diffractometer
equipped with a Saturn CCD Area Detector System using mono-
chromated Mo K radiation at T = 113(2) K. Data collection and
reduction were performed by the program of CRYSTAL CLEAR. The
structures were solved by using direct method and refined by
full-matrix least-squares on F2 (CRYSTALSTRUCTURE, SHELX97). Crystal
data of b-CD/BPA: C114H215O95.50, M = 3113.86, triclinic, space
group P1, a = 15.100(3) Å, b = 15.623(4) Å, c = 17.469(4) Å,
a = 112.228(3)�, b = 96.882(2)�, c = 104.303(2)�, V = 3590.5(14) Å3,
Z = 1, Dc = 1.440 mg/m�3, k(Mo Ka) = 0.71070 Å, T = 113(2) K,
F(000) = 1663, l = 0.127 mm�1, approximate crystal dimen-
sions 0.10 � 0.08 � 0.08 mm3, h range = 1.50–25.00�, reflections
collected/unique, 37036/23341 (Rint = 0.0336), final R indices
[I > 2r(I)] R1 = 0.0642, wR2 = 0.1584, R indices (all data): R1 =
0.0764, wR2 = 0.1690, goodness of fit on F2 = 1.068.

4.2. Preparation of the b-CD/BPA complex

b-CD (0.5 g) and BPA (0.1 g) were dissolved in a little boiling
water to make a supersaturated solution. Then, the solution was
slowly cooled to room temperature, and the precipitate that
formed was filtered to obtain the transparent crystal suitable for
the X-ray crystallographic analysis. (0.41 g, yield 63%). 1H NMR
(300 MHz, D2O): d 7.03 (d, 4H, J = 9.0 Hz, Hb of BPA), 6.64 (d, 4H,
J = 9.0 Hz, Ha of BPA), 4.93–4.85 (m, 7H, H1 of b-CD), 3.80–3.20
(m, 42H, H2–6 of b-CD). 1.62–1.52 (s, 6H, Hc of BPA). Anal. Calcd
for C42H70O35�C15H16O2�7H2O: C, 45.97; H, 6.77. Found: C, 45.91;
H, 6.81.
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