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Abstract

The inclusion complexation behaviour of bisphenol A (BPA) into hydrophobic cavity of B-cyclodextrin (B-CD) was investigated
by using 'H NMR spectroscopy in deuterium oxide by varying the molar ratios between f-CD and BPA from 1:0 to 1:2. The
ideal molar ratio for the B-CD:BPA complex was determined as 1:1. In addition, the inclusion of BPA into f-CD produced
significant changes in the chemical shifts of H5 and H3 protons, which were located inside the cavity of cyclodextrin. On the
other hand, the H2, H4 and H6 protons that were located at the exterior surface of f-CD did not result in any significant changes
in the chemical shift, and thus confirmed the formation of the 3-CD:BPA inclusion complex. The observed chemical shifts of H5
and H3 protons, when BPA interacted with the B-CD cavity, were utilised to determine the binding association constant (K;) and
maximum chemical shift difference (An,y). From the nonlinear calculation, the K, for H3 proton, i.e. 4.10 x 10° M™%, was shown
to be stronger than that of H5, i.e. 3.62 x 10° M™%, However, the H5 proton gave a higher Amay than the H3 proton, which were
0.1412 ppm and 0.0573 ppm, respectively.
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Abstrak

Kelakuan pengkompleksan rangkuman oleh bisfenol A (BPA) ke dalam rongga hidrofobik B-siklodekstrin (3-CD) diselidik
melalui penggunaan spektroskopi *"H NMR dalam deuterium oksida dengan mengubah nisbah molar antara p-CD dan BPA dari
1:0 hingga 1:2. Nisbah molar yang unggul untuk kompleks -CD:BPA ditentukan sebagai 1:1. Tambahan pula, rangkuman BPA
ke dalam B-CD menyebabkan perubahan ketara terhadap anjakan kimia pada proton H5 dan H3 siklodekstrin yang terletak di
dalam rongga. Selain itu, proton H2, H4 dan H6 yang terletak di luar permukaan B-CD tidak mengalami perubahan pada anjakan
kimia, dengan ini membuktikan bahawa pembentukan kompleks rangkuman B-CD:BPA. Perubahan anjakan kimia yang
diperhatikan daripada proton H5 and H3 apabila BPA saling bertindak dengan rongga B-CD, digunakan untuk menentukan malar
penyekutuan penambatan (K,) dan perubahan anjakan kimia maksimum (An,). Menggunakan hitungan tak-linear, malar K,
untuk proton H3 ialah 4.10 x 10° M dilihat lebih kuat berbanding dengan proton H5, iaitu 3.62 x 10° M. Walau
bagaimanapun, proton H5 memberikan A,y Yang ketara, iaitu 0.1412 ppm berbanding dengan proton H3, iaitu 0.0573 ppm.

Kata kunci: siklodekstrin, bisfenol A, pemalar penyekutuan penambatan
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Introduction
Bisphenol A (BPA), 4,4’-(propane-2,2-diyl)diphenol (Figure 1), an organic compound that belongs to the group of
Brominated Flame Retardants (BFRs), is in great demand for its use in polycarbonate plastics and epoxy resin
production [1]. BPA is applied as plastic additives to protect against ignition and spread of flames in electrical
appliances, building materials, furniture items, coating substances and others [2]. Nevertheless, disintegration,
volatilisation and leaching of these products can cause the release of BPA into the environment and the chemical
can pose a serious health threat to humans and wildlife. Based on previous animal studies, chemicals in the BFR
group are associated with several health issues, including neuro behavioural toxicity, thyroid hormone disruption,
and possibly cancer [3, 4]. In addition, BPA in nature has hydrophobic characteristics which can make its detection
more difficult and complicated, consequently, many studies were published on the inclusion of BPA into beta-
cyclodextrine (B-CD) cavity for its solubilisation [5], detection [6], degradation [7, 8], adsorption [9, 10] and

removal [11] from the environment.

Figure 1. Structure of bisphenol A

The B-CD molecule is a cyclic oligosaccharide with seven glucopyranose units and can be represented as a
truncated cone structure with hydroxy groups orientated at the rims of the cavity (Figure 2). Its hydroxy groups are
divided into two types: the primary hydroxy groups at C6 and the secondary hydroxy groups at C2 as well as C3. At
C6 position, the primary hydroxy groups of the glucose residues are arranged at the narrow rim, whilst the
secondary hydroxy groups are located at the wider rim of the truncated cone. This structural characteristic of
B -CD allows for the formation of a hydrogen bond between the hydroxyls, resulting in a molecule with an apolar
cavity but at the same time, has a hydrophilic outside which is water soluble [12]. The key aspect of B-CD is its
ability to form inclusion complexes with a variety of apolar guest molecules, such as phenol derivatives, in its
cavity. This characteristic often results in modifications of their chemical and physical properties [13]. Therefore,
valuable information on the stoichiometry, stability and mode of entry of a hydrophobic guest into the -CD host
could be obtained by the characterisation of the inclusion complexes in solution or solid state.
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Figure 2. (a) Chemical structure of B-CD and (b) Truncated cone-shape of 3-CD
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In spite of the successful inclusion of BPA into -CD cavity [5], there is no report on the binding association
constant (K,). Likewise, other research on BPA also did not include further determination of K, [14-16]. K, is
usually calculated by using ultraviolet-visible or fluorescence spectroscopy. However, both BPA and B-CD are
spectroscopically inactive, and thus did not show any changes upon the inclusion of complex formation. It is vital to
compare K, with materials that have more competence to form a complex with BPA and also methods that are more
sensitive and accurate to detect and recognise a BPA molecule. Therefore, in the present work it is considered
worthy of interest to determine the K, of the inclusion complex between B-CD and BPA by using the *H NMR
spectroscopy technique. Since the chemical shift of proton will change, depending on the molecular environment of
the proton, this technique is expected to provide the value of K, between BPA and -CD.

Materials and Methods
Materials
All chemicals used were supplied by Sigma-Aldrich, Germany, and they were used without prior purification.
Aqueous solutions of the BPA and B-CD precursors were prepared with distilled water. The FTIR spectra were
recorded on a Perkin Elmer instrument. The *H NMR analysis of sample was performed on a Bruker 400 MHz
spectrometer by using deuterium oxide as the solvent. K, and A, were simultaneously calculated by using
Equation 1 and aided by Solver in Microsoft Excel.

Preparation of p-CD:BPA complex

B-CD (0.45 mmol, 0.50 g) and BPA (0.09 mmol, 0.02 g) were dissolved in an appropriate amount of 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 complex crystal with a molar ratio of 1:0.2. The method was repeated
by changing the BPA concentration to form the B-CD:BPA complex in the molar ratios of 1:0.4, 1:0.6, 1:0.8, 1:1.0,
1:1.2,1:14,1:1.6, 1:1.8 and 1:2.0.

Results and Discussion
Basically, many methods are used to prepare the B-cyclodextrin inclusion complexes, mainly in solid phase or
solution. Even though complex formation in the solid phase is thermodynamically spontaneous, its stability is much
weaker than in aqueous solution [17]. Generally, the process for complex formation in solid phase is slow and some
solid-state reactions can take months, which is not practical. In this study, the complex was prepared by co-
precipitation method in aqueous solutions by using f-CD and BPA as precursors. This method is commonly used
for laboratory scale synthesis and importantly it yields highly pure and crystalline inclusion complex [18].

The inclusion of BPA into the p-CD cavity was studied by means of FTIR spectroscopy. The spectrum of
B-CD:BPA (1:1) inclusion complex was compared with the f-CD and BPA standards, as shown in Figure 3. Both
IR spectra of the inclusion complex of B-CD:BPA (1:1) and B-CD standard were practically the same. Also, the
BPA molecules have distinct peaks at 1611.90 cm™ and 1510.54 cm™ (aromatic C=C stretch), 1247.00 — 1177.13
cm™ (C-O stretch) and 827.51 cm™ (aromatic para substituted, out of plane). However, all peaks in the spectrum of
B-CD:BPA (1:1) complex were reduced in intensity. This is due to the restricted vibrational motion of the respective
functional group when included within the B-CD cavity. On the other hand, the ether (C-O-C) peaks of B-CD at
1081.16 cm™ and 1029.02 cm™ still remained without any significant differences in the IR intensity. This effect can
be attributed to the formation of an inclusion complex between the BPA and B-CD.

Investigation into the binding sites of the BPA on B-CD was carried out by means of *H NMR spectroscopy and the
use of deuterium oxide (D,0) as a solvent. Upon the inclusion of BPA into the 3-CD cavity, there were two notable
and quantitative chemical shifts of 3-CD signals from the H3 and H5 protons inside the cavity, which was consistent
with another study [5]. A comparison of the *H NMR peaks in Figure 4 showed that the H3 and H5 signals were
shifted upfield, owing to the greater shielding from the BPA protons. Meanwhile, the other protons located at the
exterior surfaces of B-CD, i.e. H2, H4 and H6, were not noticeably affected. A significant difference in the chemical
shifts of H3 and H5 protons was seen, as H5 proton was considerably shifted from 3.72 ppm to 3.33 ppm. However,
the H3 peak was shifted to some extent from 3.86 ppm to 3.69 ppm, as evident by the data of chemical shifts of the
B-CD:BPA complexes with the molar ratios from 1:0 to 1:2.0. From this data, the K, between B-CD and BPA
molecules could be calculated. Typically, an ideal molar ratio between the host and guest molecule that forms the
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inclusion complex is needed for the accurate determination of K. In this study, the ideal complex composition of -
CD:BPA, that led to an optimum chemical shift difference was determined by using the graph presented in Figure 4.
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Figure 3. FTIR spectra of (a) B-CD standard (b) BPA standard and (c) p-CD:BPA (1:1) inclusion complex

Chemical shift, ppm

Figure 4. 'H NMR spectra of p-CD:BPA complex with the molar ratios from 1:0 to 1:2.0 in D,O at room
temperature

Reportedly, the common molar ratios for inclusion complexation that involved p-CD are either 2:1, 1:2 or 1:1 and
for B-CD:BPA inclusion complex the formation was only 1:1 [19]. From Figure 5, the synthesised molar ratio of

185



Malaysian Journal of Analytical Sciences, Vol 23 No 2 (2019): 182 - 188
DOI: https://doi.org/10.17576/mjas-2019-2302-01

1:0.8 eventually formed the 1:1 inclusion complex of B-CD:BPA and further excess of BPA molecules will not form
the 1:2 inclusion complex [5]. Therefore, an equation based on the 1:1 molar ratio complex was applied to
determine the K;:

A = AwKBPA )
1 + K,[BPA]

Therefore, the binding curves for the H3 and HS5 protons in B-CD were plotted by using the chemical shift
difference calculated by means of Equation 1, and the ideal molar ratio was determined in Figure 5.
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Figure 5. Determination of molar ratio system to synthesise 1:1 p-CD:BPA inclusion complex

As can be seen from Figure 6(a) and Table 1, H5 proton has higher chemical shift difference than H3, which was
proven by the calculated A,y 0f 0.141 ppm for the H5 and 0.057 ppm for the H3 protons. From the results, it was
apparent that the H3 curve was more closely fitted to the non-linear equation (Equation 1) as compared to H5.
Besides, the calculated K, for the H3 (4.10 x 10° M™) was much higher than the H5 (3.62 x 10° M), confirming
that the BPA molecules were included within the hydrophobic cavity of B-CD [5,20,21] through its secondary face
(Figure 6 (b)). These values are essential in the selectivity coefficient calculation of materials that are developed to
be used as a BPA sensor. Hence, a greater selectivity coefficient means the material is better to sense BPA.
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Figure 6. (a) Binding curves for H3 and HS5 protons of 3-CD and (b) structure of B-CD:BPA inclusion complex
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Table 1. Binding association constant (K,) and maximum chemical shift difference (Amax
for H3 and H5 protons

p-CD protons Maximum Chemical Shift Binding Association Constant, K,
Difference, Ay, (ppm) W)
H3 0.057 4.10x 10°
H5 0.141 3.62x 10°
Conclusion

K, for the inclusion complex of BPA with p-CD was successfully determined by using *H NMR spectroscopy.
Upfield shifts of the H5 and H3 protons located in the internal hydrophobic cavity of 3-CD were observed with the
calculated K, of 3.62 x 10° M™and 4.10 x 10° M, respectively. Based on the K, value, the H3 proton located on the
secondary faces of B-CD was suggested to play an important role in encapsulating the BPA molecules inside the 3-
CD cavity. In summary, these results revealed that the BPA molecules bind into the cavity via the p-CD secondary
faces. The K, can be further used by other researchers to study and compare the selectivity coefficient of BPA by
various materials that were developed. Through this, researchers can distinguish materials that are better to be
further developed as a BPA sensor.
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