
ORIGINAL ARTICLE

Study on the inclusion interaction of ethyl violet
with cyclodextrins by MWNTs/Nafion modified glassy carbon
electrode

Jin-Ping Song • Yu-Jing Guo • Shao-Min Shuang •

Chuan Dong

Received: 13 March 2010 / Accepted: 25 May 2010 / Published online: 11 June 2010

� Springer Science+Business Media B.V. 2010

Abstract The interactions of ethyl violet (EV) with

cyclodextrins (CDs) were investigated by Multi-wall car-

bon nanotubes/Nafion composite film modified glassy

carbon electrode (MWNTs/Nafion/GCE). It was found that

the MWNTs/Nafion composite film can effectively cata-

lyze the electrode reaction of EV. The variation of the

electrochemical behavior of EV upon the addition of CDs

indicated the formation of the inclusion complexes of EV

with b-CD, heptakis (2,3,6-tri-O-methyl)-b-CD (TM-b-CD),

heptakis (2,6-di-O-methyl)-b-CD (DM-b-CD), hydroxy-

propyl-b-CD (HP-b-CD), and carboxymethyl-b-CD (CM-

b-CD). The stoichiometry ratios of EV and the above

five CDs were found to be 1:1. The inclusion ability obeyed

the order: CM-b-CD [ HP-b-CD [ TM-b-CD [ DM-b-

CD [b-CD. The results showed that the modified b-CDs

exhibited stronger binding ability than native b-CD, espe-

cially the charged CM-b-CD, which implied that the

inclusion capacity depends on not only size matching and

hydrophobicity but also electrostatic interaction. 1HNMR

spectra and molecule mechanics calculations suggested

that EV was included into the cavity of b-CD from the

wider side.
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Introduction

Ethyl violet (EV) is a triphenylmethane dye, which has

been widely used in a variety of products, such as textile,

paper, and dye printing industry. Over the past decades,

some triphenylmethane dyes still keep commercial value

because they can supply the whole color range, but

unfortunately the intensity of the primary dye fades with

time and exposure to light [1, 2]. A number of studies have

showed that the formation of inclusion complexes between

cyclodextrins (CDs) and dyes can modify the physical and

chemical characteristics of dyes, improve the retarding,

migrating, leveling of dyeing and enhance thermostability

[3–6]. Current methods for the inclusion research of guests

with CDs have been focused on UV–Vis, fluorescence

spectrophotometry, 1HNMR and circular dichroism, as

well as electrochemical methods [7–12]. Compared with

other methods, considerable attention has been given to the

electrochemical evaluation of the CD complexes with

electroactive species [13]. Cyclic voltammetry [14, 15] and

polarography [16–18] are particular useful in the study of

guest molecules which are not amenable to other methods

but which has a suitable electroactivity. However, the

electrochemical studies of the inclusion interaction of guest

with CDs by traditional dropping mercury electrode and

other unmodified electrode are limited for those substances

which possess weak electrochemical activity. So it is
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necessary to introduce new electrode materials to improve

the electrochemical activity of guests.

CNTs have been widely applied to modify the electrodes

due to its subtle electronic properties, excellent conduc-

tivity, and high surface activity [19–23]. But a major bar-

rier for developing such CNT-based devices is the

insolubility of CNT in all solvents [24]. Fortunately, sol-

ubilizing CNT has been improved through their covalent

modification [25] or noncovalent functionalization [26]. In

particular, ‘‘wrapping’’ of CNT in polymeric chains was a

useful method for improving their solubility but without

impairing their physical, chemical and electrochemical

properties [27–30]. In our work, Nafion, an ion-exchange

polymer, is served as a binder to improve dispersion of

CNTs in ethanol and to enhance redox activity of EV at

CNT/Nafion-coated glassy carbon electrodes.

In this paper, MWNTs/Nafion film coated GCE was

used to study the electrochemical behavior of EV and its

interaction with five kinds of CDs (b-CD, HP-b-CD, DM-

b-CD, TM-b-CD, and CM-b-CD) by cyclic voltammetry

and differential pulse voltammetry, respectively. The

inclusion capacity of different CDs was compared and the

factors affecting the inclusion capacity was discussed. The

possible inclusion mechanism was proposed by 1HNMR

spectroscopy and molecule mechanics calculations.

Experimental

Reagents

Multi-wall carbon nanotubes (MWNTs) were purchased

from Shenzhen Bill Technology developing CO., LTD, and

were purified according to the reference [31]. Nafion was

purchased from Aldrich, and 0.1% ethanol solution was

prepared. 1.0 9 10-3 M stock solution of EV (Shanghai

Chemical Reagent Plant) was prepared in double-distilled

water. b-CD was purchased from Shanghai Chemical

Reagent Plant of China Pharmaceutical Group Corporation.

TM-b-CD, DM-b-CD, and CM-b-CD were purchased from

Sigma. HP-b-CD was purchased from Aldrich. 1.0 9

10-2 M stock solutions of CDs were prepared in double-

distilled water. 6.7 9 10-2 M Na2HPO4–KH2PO4 buffer

(pH 6.2) was used as the supporting electrolytes. Other

reagents were of analytical reagent grade, and double-

distilled water was used in all experiments.

Apparatus

The cycle voltammetry and differential pulse voltammetry

were carried on a CHI 660C electrochemical workstation

(Shanghai CH Instrument Company, China). A bare glassy

carbon electrode (GCE, 3 mm diameter), Nafion modified

GCE (Nafion/GCE) or MWNTs/Nafion modified GCE

(MWNTs/Nafion/GCE) were used as a working electrode,

a platinum wire and a saturated calomel electrode (SCE)

were used as a counter and reference electrodes, respec-

tively. Absorbance spectra were measured on a TU-1901

spectrophotometer (Beijing Puxi Instrument Limited Co.,

China). The measurement of 1HNMR was performed on

DKX-300 MHz (Bruker, Switzerland).

Preparation of the MWNTs/Nafion modified GCE

The surface of the working electrode was polished with 0.3

and 0.05 lm alumina/water slurries, washed with double-

distilled water, and finally ultrasonicated for 5 min before

use. 1 mg of purified MWNTs were dispersed in 10 mL

0.1% Nafion ethanol solution with the aid of ultrosonica-

tion to form a 0.1 mg mL-1 MWNTs/Nafion black solu-

tion. Then, the MWNTs/Nafion modified GCE was

fabricated by casting 5 lL of the suspension on the surface

of the treated GCE and dried at room temperature. The

modified GCE was activated by using cyclic voltammetry

between -0.8 and 0.6 V at a scan rate of 100 mV s-1 in

the supporting electrolytes until a stable cyclic voltam-

metric profile was obtained.

Procedure

0.2 mL stock solution (1.0 9 10-3 M) of EV was trans-

ferred into a 10 mL volumetric flask. 1 mL supporting

electrolyte was added and the solution was diluted to

10 mL with double-distilled water. Shake thoroughly at

room temperature. Cyclic voltammograms were recorded

at a scan rate of 100 mV s-1. If the inclusion constants

were measured, an appropriate amount of 1.0 9 10-2 M

different CDs were added to the system, and diluted to final

volume with double-distilled water. Differential pulse

voltammograms were measured after reaction for 10 min at

room temperature. To confirm the formation of inclusion

complexes, the UV–Vis spectroscopy and 1HNMR were

employed.

Results and discussion

Electrochemical behavior of EV

The cyclic voltammetric behaviors of EV at the bare GCE,

Nafion/GCE, and MWNTs/Nafion/GCE were shown in

Fig. 1. It can be seen that the cyclic voltammetric response

of EV at the bare GCE was very weak (Fig. 1, curve a). On

Nafion/GCE, EV gave a pair of cathodic (Epc = 141 mV)

and anodic (Epa = 233 mV) peak with the potential

difference (DEp) of 92 mV (Fig. 1, curve b). The peak

468 J Incl Phenom Macrocycl Chem (2010) 68:467–473

123



currents were obviously improved, indicating that the

Nafion film modified GCE can improve the electrochemi-

cal response of EV. This can be explained as follows: as a

cation-exchange, Nafion can incorporate positive charged

ions and reject the anionic species. EV which possesses

positive charge in acidic medium can be absorbed on

polyanionic structure surface of Nafion to generate ion

exchange and give an enhanced peak current, so the

cathodic peak current apparently increased. Furthermore,

an interesting phenomenon was noticed. The cathodic peak

current of EV at the Nafion/GCE was higher than the

anodic peak. This may be due to the ion exchange property

of Nafion toward EV with positive charge is stronger than

that of the neutral reduction product. On MWNTs/Nafion/

GCE, EV showed a pair of well-defined redox peaks with

the cathodic (Epc) and anodic (Epa) peak potential of 165

and 204 mV, respectively (Fig. 1, curve c). The potential

difference was 39 mV. And the peak currents were dra-

matically enhanced comparing with that of Nafion/GCE

and bare GCE. The decrease of potential difference and the

increase of peak current suggested that electrocatalytic

activity of the MWNTs/Nafion composite film is much

higher than that of the Nafion film. The improvement of the

electrochemical response is attributed to the excellent

electrocatalysis ability of MWNTs, ion exchange of Naf-

ion, and the synergistic characteristics of Nafion and

MWNTs.

In order to investigate the reaction mechanism of EV at

the MWNTs/Nafion/GCE, the cyclic voltammograms of

EV in Na2HPO4–KH2PO4 buffer (pH 6.2) at the different

scan rates were investigated. The peak currents and

potential differences of EV increased with increase of the

scan rates. And the Epa of EV shifted to more positive and

Epc shifted to more negative. The electron transfer numbers

can be determined, according to the following equation

[32],

Ep ¼ B� RT

anF
ln m ð1Þ

where B is a constant, n is the number of electron, a is the

transfer coefficient, m is the scan rate, and other terms have

their usual meanings. The linear relationships of Epc

and lnm of EV could be expressed as Epc = 0.1216

- 0.02024 lnm (r = 0.9917) (see Fig. S1 of supporting

information). Therefore, the electron transfer numbers of

EV was calculated to be 2. In addition, the good linear

relationships of peak currents ip with m in the range of

125–300 mV s-1 (Fig. S2), indicating that the electrode

reaction is an absorption controlled process.

The effect of pH was investigated over the range of

interest from pH 5.0 to 9.2. The peak potential of the

cathodic peak and anodic peak were found to shift to more

negative potential with increasing pH. The linear rela-

tionship of peak potential versus pH was obtained by the

following equation [33]:

Ep ¼ E00 � 2:303ðmRT=anFÞpH ð2Þ

where E00 is the formal potential, m is the number of the

protons involved in the reaction, n is the number of elec-

tron and a is the transfer coefficient. Based on the mea-

sured data, the linear regression equation of Epc versus pH

is expressed as Epc ¼ 0:4965� 0:0528m
n pH (r = 0.9921)

(Fig. S3). A slope of 52.8 mV is close to that predicted by

the Nernst equation for a redox process involving the

transfer of an equal number of protons and electrons. So,

the redox reaction of EV is likely to involve two protons

and two electrons, and the redox mechanism is proposed in

Fig. 2.

The inclusion interaction of EV with CDs

Figure 3 showed the differential pulse voltammograms of

EV at the MWNTs/Nafion/GCE in the absence and pres-

ence of different concentrations of b-CD. It was observed

that the anodic peak current of EV gradually decreased

upon the addition of b-CD, and the peak potential shifted to

more positive value. The variation of the electrochemical

behavior indicated the formation of the inclusion complex

of EV with b-CD. The anodic peak shifted to more positive

potentials by 4 mV, revealing that EV molecules were

difficult to be oxidized while they were included into the

cavity of b-CD to form the inclusion complex [34]. The

decrease of peak current was attributed to the reduction of

the diffusion coefficient of EV with the formation of

inclusion complexes. The differential pulse voltammo-

grams of the inclusion complexes between EV and other

four CDs (CM-b-CD, HP-b-CD, TM-b-CD, and DM-b-
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Fig. 1 Cyclic voltammograms of 2.0 9 10-5 M EV in 6.7 9

10-2 M Na2HPO4–KH2PO4 buffer (pH 6.2) at (a) bare GCE, (b)

Nafion modified GCE, (c) MWNTs/Nafion modified GCE. Scan rate
100 mV s-1
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CD) are similar to each other in forms. The other vol-

tammograms are not given. These illustrated that the

inclusion complexes were formed between the five CDs

and EV.

The decrease of peak currents with the increase of CDs

concentration can be used to evaluate the inclusion con-

stant and binding ratio. According to references [35, 36], if

dye molecular and CDs only form a complex D-CDm, and

inclusion complex is electrochemically active, where D, m

and D-CDm represent the dye, binding ratio, and inclusion

complex, respectively. The inclusion complexation of the

dye guest with the host CDs is expressed by Eq. 3, and the

inclusion constant (K) is given by Eq. 4

Dþ mCD �
K

D-CDm ð3Þ

K ¼ ½D� CDm�
½D�½CD�m ð4Þ

If the decrease of peak current is proportional to the

concentration of inclusion complex, the inclusion constant

K can be expressed by Eq. 5

1

Dip

¼ 1

Dimax

þ 1

DimaxK½CD�m ð5Þ

where Dip signifies the variation of peak current after

adding CDs, Dimax represent the peak current in case of

complete inclusion; [CD] is the concentration of the CDs.

When m is 1, 2, 3… respectively, the plots of 1/Dip versus

1/[CD]m can give some curves (see the inset in Fig. 3, and

Fig. S4 of supporting information), the value of m corre-

sponding a straight line is the binding ratio of guest with

host, the value of K is intercept divided by slope. In our

studies, EV can form 1:1 complexes with five CDs. The

inclusion constants are listed in Table 1.

In addition, UV–Vis absorption spectra of EV were

measured to testify the formation of the inclusion complex.

The changes of the absorption spectra with addition of

b-CD were shown in Fig. 4. It was found that the maxi-

mum absorption wavelength of EV at 593 nm shifted to

596 nm, and the absorbance decreased gradually with

addition of b-CD. This phenomenon showed that the

inclusion complexes of EV with b-CD were formed. The

inclusion constant (K) can be obtained by the following

equation [37],

1

DA
¼ 1

a
þ 1

aK½CD�m ð6Þ

Fig. 2 The redox mechanism of

EV
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Fig. 3 Differential pulse voltammograms of 2.0 9 10-5 M EV

contain different concentrations of b-CD. Concentration of b-CD:

(1) 0, (2) 8.0 9 10-5, (3) 1.2 9 10-4, (4) 1.6 9 10-4, (5) 2.0 9

10-4, (6) 2.4 9 10-4, (7) 2.8 9 10-4 (M). Inset the plots of 1/Dip
versus 1/[CD]

Table 1 Complex stability constant (K) for 1:1 inclusion complex-

ation of various triphenylmethane dyes with b-CD and its derivatives

in aqueous solutions

Host Guest K LogK Method Ref.

b-CD Crystal violet 1870 3.27 UV [39]

b-CD Crystal violet 1870 ± 50 3.27 UV [40]

b-CD Brilliant green 2187 ± 100 3.34 UV [40]

b-CD Brilliant green 2190 3.34 UV [8, 39]

b-CD Ethyl violet 3.22 9 103 3.51 UV This work

b-CD Ethyl violet 3.12 9 103 3.49 DPV* This work

DM-b-CD Ethyl violet 3.33 9 103 3.52 DPV This work

TM-b-CD Ethyl violet 3.80 9 103 3.60 DPV This work

HP-b-CD Ethyl violet 5.20 9 103 3.72 DPV This work

CM-b-CD Ethyl violet 5.82 9 103 3.76 DPV This work

* DPV differential pulse voltammetry
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where DA denote the difference of absorption of guest

molecule in the presence and absence of CDs. a is a con-

stant, and [CD] signifies the concentration of CDs. The plot

of 1/DA vs. 1/[CD] exhibited good linearity (see the inset in

Fig. 4). From the slope and y-intercept of the equation, the

inclusion constant (K) obtained was 3.22 9 103 M-1,

which is consistent with that obtained from the differential

pulse voltammetry.

As can be seen from the Table 1, the inclusion constant

for native b-CD and modified b-CD with dye guests are

affected by the substituent group of the native b-CD and

the size of the guest. The inclusion constants of EV and

CDs increase as the following order: CM-b-CD [ HP-

b-CD [ TM-b-CD [ DM-b-CD [b-CD. The modified

b-CD exhibited stronger binding ability than the native

b-CD implying that the cavity of the modified CDs pro-

vided a better protective microenvironment. Strong inclu-

sion ability can be understood that the substitution by

hydroxypropyl, dimethyl and trimethyl groups lead to the

enlargement of the bigger opening of CDs cavity and the

contraction of the smaller opening of CDs cavity, which

make it easier for the guest molecules to gain access to the

modified CDs cavity and to have bigger inclusion constants

[38]. However, it was noted that CM-b-CD exhibited a

stronger binding ability than the native b-CD and other

derivatives. The reason is that the carboxylic groups of

CM-b-CD (pKa\4) are deprotonated at pH[5, resulting in

a negative charge on the CDs. So, additional electrostatic

interactions contributed to the increase of the inclusion

ability.

EV exhibited stronger binding ability than crystal violet

and brilliant green with the native b-CD (Table 1),

although they possess high structural similarity. It was due

to the rigidity of the CDs cavity and the strict size/shape fit

concept. In addition, the lack of dialkylamino group on one

of the phenyls in brilliant green inevitably reduces the

hydrophobic interactions upon complexation with the

native b-CD, leading to the poor binding of brilliant green

with the native b-CD. All results indicate that the major

factors affecting inclusion ability between guest and CDs

are hydrophobicity, size matching together with electro-

static interaction.
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Fig. 4 Absorption spectra of 2.0 9 10-5 M EV contain different

concentrations of b-CD. Concentration of b-CD: (1) 0, (2) 3.3 9 10-5,

(3) 6.7 9 10-5, (4) 1.0 9 10-4, (5) 1.3 9 10-4 (M). Inset the plots of

1/DA versus 1/[CD]

Fig. 5 1HNMR spectra

(300 MHz, D2O) of EV (a),

b-CD (b) and the inclusion

complex of EV with b-CD (c)
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Binding mode

To establish the real binding mode of the inclusion com-

plex of EV with b-CD, the 1HNMR spectra were recorded

in the absence and presence of EV, as shown in Fig. 5. It

could be seen that 3-H and 5-H showed up-field shifts due

to anisotropic shielding by the guest. On the contrary, the

shifts of 2-H and 4-H protons were relatively small. The

dramatic shifts of H-5 and H-3 indicated that the guest

molecule entered the cavity of b-CD from the wider side.

On the other hand, signals for the guest protons (Ha and Hb)

also showed down-field shifts due to the deshielding effect

of the electron-rich cavity of b-CD, which implied the

aromatic ring of guest was included into the hydrophobic

cavity of b-CD. In addition, molecule mechanics calcula-

tions were carried out to obtain the dimensions and

geometry of EV by using MM2 technique. Through the

comparison of the spatial size between the cavity of b-CD

and dye molecule, we can see that the aromatic ring may be

partial included into the cavity. This conclusion is in

accordance with 1HNMR. The energy-minimized structure

of inclusion complex is shown in Fig. 6.

Conclusions

In this paper, the inclusion interaction of EV with CDs was

researched by differential pulse voltammetry and UV–Vis

absorption spectroscopy. The results demonstrated that EV

can form inclusion complexes with CDs. The inclusion

constants of EV with b-CD obtained from the differential

pulse voltammetry and UV–Vis absorption were consistent.

The modified b-CD exhibited stronger binding ability than

the native b-CD, implying that the cavity of the modified

CDs provided a better protective microenvironment. It

further confirmed that the size/shape-fit and hydrophobic

played an important role in the inclusive process. Further-

more, CM-b-CD exhibited stronger inclusion ability than

native b-CD and other derivatives, suggesting electrostatic

interactions contributed to the inclusion process. 1HNMR

spectra and molecule mechanics calculations indicated that

EV molecule is included into the cavity of b-CD from the

wider side. This study demonstrates that investigating

inclusion interaction based on modified electrode is more

accurate, sensitive and simple to operate automatically.
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