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Abstract
A complex of anthracene with methyl-beta-cyclodextrin (A-Me-β-CD) having fluorophoric 
characteristics was obtained in aqueous medium. Spectroscopic and thermal analyses of the 
complex were performed by Fourier transform infrared spectroscopy and differential scan-
ning calorimetry-thermogravimetry. The interaction of Me-β-CD and anthracene was also 
analyzed by means of spectrometry by a UV–Vis spectrophotometer. The stoichiometry of 
the complex was determined by the Benesi–Hildebrand method. The complex formation 
constant was found to be (42 ± 3) × 103 L·mol−1. The Gibbs energy and excited singlet state 
energy were calculated. The mechanism of the quenching effect of Co(II) and Ni(II) metals 
in the inclusion complex was studied. The Stern–Volmer constant, bimolecular quenching 
rate constant, lifetime and approximate activation energy values were determined, and the 
quenching was found to be diffusion controlled dynamic quenching. In addition, with the 
energy band calculations made, it was shown by means of Taug curves that electron trans-
fer was made to Ni and Co metals from the complex fluorophore group in the quenching 
mechanism.
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1  Introduction

Cyclodextrins (CDs) are bucket-shaped oligosaccharide compounds with hydrophilic and 
hydrophobic groups. There are three types: alpha (α-CD), beta (β-CD) and gamma (γ-CD) 
cyclodextrin in nature. Among these α-cyclodextrin is not suitable for many drugs and 
γ-cyclodextrin is expensive. The most commonly used and best known are β-CDs [1–3]. 
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β-CD is widely used because it is readily available, and its cavity size is suitable for a 
wide range of guest molecules [4]. The internal cavity is about 0.8 nm deep and 0.7 nm in 
diameter, providing a hydrophobic chiral environment for small organic guest molecules. 
β-CDs are highly prone to inclusion complex formation. High energy water molecules are 
exposed during complex formation [5, 6]. They dissolve very little in water. That is why 
their use in the pharmaceutical industry is very limited. However, their solubility in water 
has been increased by modification [7]. There are many studies on the use of anthracene 
as a probe molecule in the literature. However, there are few studies describing the effect 
of heavy metals on the inclusion complex. There are even fewer studies on the quenching 
mechanism.

This study, unlike the previous study on anthracene-Me-β-CD [8], attempts to elucidate 
the quenching mechanism. In this study, two different transition metals, Co and Ni, were 
selected and the inclusion complex formed by anthracene was re-synthesized at 25 ± 1 °C. 
It was a very interesting study to see the effect of changing the working conditions on the 
results. When compared with the previous study, it was seen that the change in ambient 
temperature, mixing speed and residence time in water bath affected the complex forma-
tion constant and quantum yield. With energy band calculations and fluorescence lifetime 
measurements, the quenching mechanism of Co(II) and Ni(II) metals were revealed.

2 � Experimental

2.1 � Chemicals and Instruments

Me-β-CD (mean molecular weight = 1310  g·mol−1), anthracene (99%) and ludox-AS-30 
colloidal silica (standard form used for lifetime measurements) were obtained from Sigma-
Aldrich Chemie Gmbh and ethanol from Merck, Darmstadt. All solutions of metal ions 
were prepared from analytical grade nitrate salts (Merck, Darmstadt) dissolved in dou-
bly distilled water. All other chemicals were of analytical-reagent grade and were used as 
received without further purification. A Varian Agilent Cary Eclipse instrument was used 
for fluorescence measurements.

2.2 � Formation of Inclusion Complex

The concentration of Me-β-CD was kept constant at 10−3 mol·L−1, while the concentration 
of anthracene varies between 10−3 and 10−5 mol·L−1. The top of the beaker on the hot plate 
was closed with a watch glass. The solutions were stirred at room temperature for 24 h by 
magnetic stirrer. The solutions were kept in an ultrasonic bath for about 2 min before being 
transferred to the volumetric flasks. Finally, they were transferred to 100 mL volumetric 
flasks and complexes were formed at 25 ± 1  °C. The effect of mixing time on inclusion 
complex formation was clearly seen in our previous studies with anthracene [8]; mixing 
times of less than 24 h affect the quantum yield and the complex formation constant. No 
effects were observed after more than 24 h. Therefore, in this study, 24 h were selected 
for inclusion complex formation with anthracene. The inclusion complexes obtained were 
characterized by different physical and spectroscopic methods. In all calculations, com-
plex formation constant and quantum yield values obtained by re-synthesis of the complex 
were used. As mentioned hereinabove, the change in experimental conditions influenced 
these two values. Heavy metals were added directly into 1.5 mL of complex solutions by 
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means of a micro-pipette. Changes in fluorescence intensity were observed at 25 ± 1 °C. 
The emission spectra were recorded at an excitation wavelength of 360 nm.

The synthesized complex is shown in Scheme 1.

3 � Results and Discussion

Since Co and Ni metals do not have fluorescence, the quenching effect of these two 
metals was investigated using anthracene. A probe molecule was successfully pre-
pared. The photo physical properties of the excited level of heavy metals and inclu-
sion complexes were monitored. The stoichiometry of the complex was found to be 
1:1 with the Benesi–Hildebrand method [9]. The binding constant, Kb, was found to 
be (42 ± 3) × 103 L·mol−1 from the slope of the graph (Fig.  1). The magnitude of this 
value indicates the formation of a strong inclusion complex. In addition, the stability 
of the complex was tested for 4 weeks. At the end of this period, the intensity of the 
emission decreased by 22%. This shows that the complex formed is stable over a long 
period of time (Fig. 2). Figures 3 and 4 show how Co(II) and Ni(II) metals change the 

Scheme 1   Formation of inclusion complex

Fig. 1   The effect of increasing methyl-β-cyclodextrin concentration on the fluorescence spectrum of the 
anthracene dissolved in 1 × 10−5  mol·L−1 ethanol. Benesi–Hildebrand graph (1/[I − I0] vs 1/[Me-β-CD]) 
(graphic inside) (λex = 360 nm)
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fluorescence intensity. All results relating to these two metals are given in Table  1. 
In Fig. 5, the KS–V value was calculated from the Stern–Volmer plot (I0/I versus [Q]). 
The linearity of this graph suggests that the quenching is dynamic. After lifetime 

Fig. 2   The stability of inclusion 
complex

Fig. 3   a Quenching effect 
of cobalt on 10−3 mol·L−1 
anthracene. b Quenching effect 
of cobalt on 10−4 mol·L−1 
anthracene. c Quenching effect 
of cobalt on 10−5 mol·L−1 
anthracene, [Co2+] = 0.1 mol·L−1. 
(λex = 360 nm)



1539Journal of Solution Chemistry (2019) 48:1535–1546	

1 3

Fig. 4   a Quenching effect 
of nickel on 10−3 mol·L−1 
anthracene. b Quenching effect 
of nickel on 10−4 mol·L−1 
anthracene. c Quenching effect 
of nickel on 10−5 mol·L−1 
anthracene, [Ni2+] = 0.1 mol·L−1. 
(λex = 360 nm)

Table 1   Stern–Volmer (KS–V) constants, R2 values and quantum yields in the presence and absence of 
quenching reagent

[Me-β-CD] = 1 × 10−3 mol·L−1

Heavy metal Electronic con-
figuration

Concentration 
(mol·L−1)

KS–V (L·mol−1) R2 ɸFQ − ɸF

Co 4s23d7 10−3 31 ± 2 0.98
10−4 26 ± 2 0.93 0.07–0.24
10−5 17 ± 1 0.94

Ni 4s23d8 10−3 55 ± 5 0.93
10−4 47 ± 4 0.95 0.06–0.34
10−5 72 ± 7 0.92
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measurements, it will be possible to give a clearer answer on the exact nature of the 
quenching mechanism.

For quantum yield calculations, 9,10 diphenyl anthracene was used as the reference 
material [10, 11]. The complexes formed by many transition metal ions contain incomplete 
d orbitals. This quenches the fluorescence in the solution medium.

Many coordinated transition metal ions are paramagnetic. For such a system, the follow-
ing equation may be written (1);

where S∗
1
 the excitation may be the transition from the first singlet state ( S∗

1
 ) to the tri-

plet state (T1) and then back to the singlet state (S0). The quantum yield (ϕF) of anthra-
cene–Me-β-CD (A–Me-β-CD) was calculated to be 0.3444 in the absence of heavy metal 
ions (Co and Ni). The amount of added cobalt and nickel salts varied, i.e., varying the 
amount of quencher, giving quantum yields from 0.3444 to 0.0591. The quenching of the 
A–Me-β-CD inclusion complex results in an electron donation from the fluorophore group 
to the quencher. This suggests that electron transfer is highly compatible with the results of 
the energy band values given below.

The energy band of A–Me-β-CD, A–Me-β-CD–Co and A–Me-β-CD–Ni can be calcu-
lated by using the following equations

where EVB and ECB are the band edge potentials of the valence and the conduction bands, 
respectively. X is the geometric mean of the absolute electro-negativity of the constituent 
atoms on the Pearson scale (PAE), Eg is the band gap and Ee is the energy of the electrons 
on the hydrogen scale is usually taken ~ 4.5 eV [12].

The PAE values of constituent atoms and band structure parameters of the A–Me-β-CD 
(inclusion complex), inclusion complex–Co and inclusion complex–Ni calculated by using 
the Eqs. 2 and 3 are listed in Table 2, where filling affects the value of ECB to a certain 
degree.

While the ECB value for inclusion complex was calculated as 0.073 eV, it is 0.44 eV 
in the presence of nickel as quencher. Furthermore, this result is fits in nicely with the 
results by Kumar et al. [13] where they have reported that there can be an electron transfer 
from components with lower ECB values to those with higher ECB values. The calculated 
ECB value for the inclusion complex is 0.073 eV, which is much lower than that of nickel 

(1)
S∗
1
(Ni−Me − � − CD∕A.) − I.S.C → T1(Ni−Me − � − CD∕A.) − Q → S0(Ni−Me − � − CD∕A.)

(2)EVB = X − E
e + 0.5Eg

(3)ECB = EVB − Eg

Fig. 5   Stern–Volmer graph for 
Ni2+
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(0.44 eV) and cobalt (0.43 eV). This indicates that there may be an electron transfer from 
the inclusion complex to nickel and cobalt (Fig. 6).

The heavy metals with the stronger quenching effect depend on its electronegativity or 
paramagnetism/diamagnetism. Nickel may be a more effective quencher due to its high 
electronegativity compared to cobalt.

3.1 � Lifetime

The fluorescence lifetimes were obtained using a Horiba–Jobin–Yvon–SPEX Fluorolog 
3-2iHR instrument with a Fluoro Hub-B Single Photon Counting Controller at an exci-
tation wavelength of 470 nm. Signal acquisition was performed using a TCSPC module 
(NanoLED-390 emitting 390 nm). The lifetime values of the inclusion complexes were first 
read in the absence of the quencher and the presence of the quencher (Fig. 7).

Using the fluorescence lifetime value measured in the absence of the quencher, the 
bimolecular quenching rate constants for Co2+ and Ni2+ i.e., kq values, have been calculated 
to be (6.6 ± 0.3) × 109 L·mol−1·s−1 and (12 ± 1) × 109 L·mol−1·s−1, respectively [14]. These 
values are not greater than the diffusion rate constant. The mechanism of the quenching 
phenomenon is dependent on molecular dynamic diffusion. The calculated bimolecular 
quenching rate constant values (kq) should be approximately equal to 6.6 × 109 L·mol−1·s−1 
when the observed phenomenon is diffusion controlled. Here, it is seen that these values 

Table 2   PAE values of constituent atoms and band structure parameters

C H O N Fe Mn

PAE (eV) 6.27 7.18 7.54 7.30 4.06 3.72

ECB (eV) EVB (eV) X (eV) Eg (eV)

Samples
 A–Me-β-CD 0.07 4.91 6.99 4.834
 A–Me-β-CD–Co 0.43 4.53 6.98 4.091
 A–Me-β-CD–Ni 0.44 4.52 6.98 4.086

Fig. 6   Tauc’s plots of a inclusion complex and b metal quenchers



1542	 Journal of Solution Chemistry (2019) 48:1535–1546

1 3

are approximately equal for both metals, too. The approximate quenching activation energy 
values were was 6.7 kJ·mol−1 for cobalt and 5.3 kJ·mol−1 for nickel [15].

3.2 � Characterization of Inclusion Complexes

3.2.1 � FT‑IR Spectral Analysis

A Bruker-Alpha model device was used for FT-IR measurements. The FT-IR technique 
is one of the most important and powerful techniques to confirm inclusion complex for-
mation between anthracene (A) and Me-β-CD. Stanculescu et al. [16] studied the inter-
action of β-CD with polychlorophenol compounds in aqueous media using FT-IR and 
molecular modeling techniques. This study, too, displays the interaction of Me-β-CD 
with anthracene by employing the FT-IR technique. The FT-IR spectra of 10−3 mol·L−1 
Me-β-CD and 10−3 mol·L−1 A–Me-β-CD inclusion complex are shown in Fig. 8. In the 
aqueous solution, the strong O–H tensile band at 3300 cm−1 of water has been reported 
in the literature to reduce the spectral contrast of the aromatic C–H stretching bands 
between 3150 and 2900 cm−1 [17]. In this study, despite the influence of the O–H band, 

Fig. 7   Fluorescence lifetime 
graph of the A–Me-β-CD inclu-
sion complex in the presence and 
absence of the quencher reagent 
(in the presence of Co(II) and 
Ni(II) as quenchers)

Fig. 8   FT-IR spectra of 
Me-β-CD and A–Me-β-CD
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a significant shift of about 34 cm−1 in the C–H stretching vibration confirms the forma-
tion of an inclusion complex.

3.2.2 � UV–Vis Spectroscopy

A PG Instrument T70+ model spectrophotometer was used for measurement of absorption 
spectra. The complex formation leads to a change in the absorption spectrum of the guest 
molecule [18–20]. During the spectral changes, the chromophore of the guest is transferred 
from an aqueous medium to the non-polar cyclodextrin. These changes must be due to a 
perturbation of the electronic energy levels of the guest caused either by direct interaction 
with the cyclodextrin, by the exclusion of solvating water molecules or by a combination 
of these two effects [21, 22]. Small shifts are observed in the UV spectra of the included 
guests, the method is often used to detect inclusion complexation [23–26]. Hypsochromic 
or bathochromic shifts or increases in the absorptivity without change in the λmax have been 
considered as evidence for interaction between cyclodextrin and anthracene in the forma-
tion of the complex. Figure 9 shows the absorption spectrum of anthracene and inclusion 
complex. As described above, even the slightest shift in the UV spectrum indicates inclu-
sion complex formation.

3.2.3 � Thermal Analysis

Thermal analyses were performed by differential scanning calorimetry (DSC, Perkin 
Elmer DSC 4000) and thermogravimetry (TG, Perkin Elmer TGA 4000) between 25–350 
and 40–900  °C, respectively with a 10  °C·min−1 heating rate (atmosphere N2; flow 
20 mL·min−1). Figure 10 shows DSC thermograms of the samples. The endothermic peak 
seen in the DSC thermogram of anthracene at about 215 °C is the characteristic melting 
peak of anthracene, as indicated by Li et  al. [27]. The most striking feature of the DSC 
thermograms was that the melting peak observed at around 215 °C for anthracene was not 
observed in the thermogram of the inclusion complex A–Me-β-CD. The disappearance of 
this melting peak associated with the crystalline fraction may be largely due to the amor-
phous structure of the inclusion complex. It is evident in both the DSC curve and the TG 
curve that the complex begins to degrade at 300 °C and with a loss of mass.

Fig. 9   Absorption spectrum of 
anthracene and A–Me-β-CD in 
10−3 mol·L−1 aqueous solution
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As seen from TG curves (Fig. 11), the thermal stability of the complex is lower than 
that of Me-β-CD. This may be due to the presence of Me-β-CD instead of an inclusion 
complex. Furthermore, as can be seen from the Supplementary Material, the initial onset 
temperature for degradation of the complex was substantially increased by about 150 °C. 
This promotes complex formation with anthracene and Me-β-CD.

4 � Conclusion

Our previous study investigated whether lead or cadmium metals had greater quenching on 
the inclusion complex formed by the anthracene. Based on the electronegativity difference 
between the two metals, quenching was increased. Electronegativity values for nickel and 
cobalt metals are 1.99 and 1.88, respectively. As can be seen, these values are very close to 
each other. Hence, the inclusion complex was re-synthesized in order to show that not only 
the electronegativity of these two metals was effective in the quenching but another mecha-
nism could as well be effective. Thermal and spectroscopic characterization of the complex 
was performed with DSC-TA, FT-IR and UV–Visible spectroscopy. Thanks to the probe 
molecule, the quenching effect of Co(II) and Ni(II) was investigated. Stern–Volmer and 

Fig. 10   DSC thermogram 
Me-β-CD, anthracene (A) and 
inclusion complex (DSC, temper-
ature accuracy: ± 0.1 °C)

Fig. 11   TGA degradation curves 
of the samples (temperature 
accuracy: ± 1 °C and balance 
accuracy: ± 0.02%)
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bimolecular quenching rate constants were calculated. Also, lifetime values were measured 
in the presence and absence of quenching reagent. As a result of all these measurements 
and calculations, it was concluded that the quenching event here is diffusion controlled 
dynamic quenching. At the same time it was shown through Tauc’s plots that electrons 
transfer from the fluorophore group in the inclusion complex to the metal.
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