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Abstract
Viologens are important compounds and are used in several applications. The interactions between viologens and a nega-
tively charged cyclodextrin, sulfated β-cyclodextrin (sβ-CD), were studied using electrochemistry, 1H NMR and UV–Vis 
spectroscopy. Weak electrostatic interactions were found between the dicationic viologens (V2+) and the anionic cyclodextrin. 
The diffusion coefficient of ethyl viologen (EV2+) was reduced from 5.33 × 10−6 to 1.98 × 10−6 cm2 s−1 with an excess of 
sβ-CD. More significant electrostatic interactions were found between benzyl viologen (BV2+) and sβ-CD. The H atoms in 
the benzyl substituent, which appear as a singlet in the NMR experiment, were split into a multiplet in the presence of the 
sβ-CD, while the chemical shift of the H in the β position to the quaternary nitrogen, was shifted by 0.17 ppm in the pres-
ence of sβ-CD. Greater electrostatic interactions were evident between the benzyl radical cation (BV·+) and sβ-CD. Using 
cyclic voltammetry, reduction of the radical cation to the neutral benzyl viologen (BV0) was shifted by 230 mV to a lower 
potential, indicating that the reduction of the radical cation becomes considerably more difficult in the presence of sβ-CD. 
This was attributed to the formation of an insoluble BV·+:sβ-CD aggregate, which was also evident in rotating disc voltam-
metry, where the typical diffusion-limited currents were not observed and in spectroelectrochemistry experiments, where 
the deposition of the aggregate at the ITO electrode increased the absorbance of the radical species.
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Introduction

Viologens, also known as 1,1-disubstituted-4,4′-bipyridine 
ions, are widely used as electron-transfer mediators [1, 2], 
in electrochromic materials [3, 4], and more recently in 
the formation of charged polymers [5] and for light-driven 
hydrogen evolution reactions [6]. Viologens can be easily 
coupled with linker groups to give polyviologens and these 
have similar properties to the monomer viologens and are 
commonly used in biophotovoltaic cells [7]. Viologens are 
also well known for their herbicidal properties, which are 
connected to their ability to disrupt electron-transfer in bio-
logical systems [8]. Viologens have three main oxidation 
states and these involve the dicationic, V2+, cationic radical, 

V·+, and neutral state, V0. The V2+ is reduced to give the rad-
ical species, through a one-electron transfer step [9, 10]. This 
radical is normally soluble, however with larger substituents 
bound to the pyridilium nitrogen, insoluble radical species 
may be formed [9]. A further one electron transfer step 
gives the neutral reduced viologen and in aqueous solutions 
this is frequently insoluble. In addition to these reduction 
steps, the neutral and the dicationic viologen can undergo a 
conproportionation reaction to generate the radical species 
(V0 + V2+ → 2 V·+), while a disproportionation reaction can 
occur to consume the radical species (2 V·+ → V0 + V2+) and 
a dimerization reaction can also take place to form a dimer 
(2 V·+ → (V·+)2).

The host–guest complexation between viologens and 
macrocyclic hosts has been extensively reported and includes 
cucurbiturils [11], pillararenes [12] and calixarenes [13] as 
hosts. The interactions between viologens and neutral cyclo-
dextrins are also well known [14–20]. It has been shown that 
the neutral methyl viologen (MV0) forms an inclusion com-
plex with β-CD [14, 15]. Weaker interactions exist between 
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the charged viologens and the cyclodextrin cavity, however 
the radical species is more hydrophobic and binds more 
strongly than the dicationic viologen to the cyclodextrin 
cavity [16]. It has also been shown that long alkyl chains on 
the viologen enhance the formation of an inclusion complex 
by insertion of the alkyl chain within the cyclodextrin cavity 
[17]. Furthermore, the position of the monomer–dimer equi-
librium is influenced by the addition of cyclodextrins. This 
depends on the viologen substituents and on the cavity size 
of the cyclodextrins. It is generally accepted that the smaller 
cyclodextrins, α-CD and β-CD, suppress the formation of 
the dimer through the formation of an inclusion complex 
between the CD and the viologen, being facilitated by the 
alkyl chains of the viologen [18, 19]. On the other hand, it 
has been suggested that the γ-CD favours the formation of 
the dimer and this has been explained in terms of the inclu-
sion of the bipyridine rings of the viologen radical dimer 
within the CD cavity [20]. It appears that the cavity size of 
the γ-CD is sufficiently large to accommodate the dimer. The 
formation of a complex between benzyl viologen and β-CD 
in a mixed water and DMF solvent system has also been 
reported [21]. In this case, it was concluded that the fully 
reduced form, BV0, did not form an inclusion complex with 
the β-CD, but instead an inclusion complex was observed 
between the mono-cationic species, BV·+, and β-CD. While 
the size of the cyclodextrin cavity, the substituents on the 
viologens and a water–organic solvent system have all been 
varied in several papers, there are very few studies devoted 
to modification of the pendants on the cyclodextrin cavity. 
Mirzoain and Kaifer have replaced some of the OH groups 
on the rim of the CD cavity with O–CH3 groups to give a 
heptakis-(2,6-O-dimethyl) analogue and have shown that it 
forms more stable complexes with viologens [16].

In this study, a sulfated β-CD (sβ-CD) is employed, where 
the SO3

− groups provide a negative charge. The interactions 
between this sulfated β-CD and methyl, ethyl or benzyl 
viologens are investigated using a combination of cyclic vol-
tammetry, rotating disc voltammetry, spectroelectrochemis-
try, 1H NMR and UV–Vis spectroscopy. To the best of our 
knowledge, there are no published reports on the complexa-
tion or interactions between an anionic sβ-CD and viologens. 
The anionic cyclodextrin provides both a cavity and anionic 
pendants and the combination of these two elements on the 
interactions with three viologens, is studied.

Experimental

All chemicals were obtained from Sigma-Aldrich. The sul-
fated β-CD (sβ-CD) sodium salt was purified further by dis-
solving the sample in a small volume of deionised water. 
The solution was then connected to a Schlenk line and dried 
under vacuum at 70 °C for 12 h to remove the main impurity, 

which was identified as pyridine. All other chemicals were 
of analytical reagent grade and used without further purifi-
cation. Deionised water was used for the preparation of all 
solutions and these were deoxygenated with nitrogen for a 
3 h period, before any electrochemical experiments, as it 
is well known that the viologen radical cations react with 
oxygen to give the dications [22].

The electrochemical measurements were carried out using 
a Solartron 1287 potentiostat. A three-electrode cell was 
used with a saturated calomel reference electrode and a high 
surface area platinum wire counter electrode. Glassy car-
bon and gold electrodes encased in Teflon, with an exposed 
diameter of 3 mm, were used as the working electrodes. An 
EG&G rotating 636 ring disc assembly, with a glassy carbon 
disc electrode, was used to perform the rotating disc voltam-
metry experiments. The working electrodes were polished 
using 1.0 µm diamond polish (Buehler MetaDi monocrys-
talline diamond suspension) on a Buehler micro-cloth and 
washed with distilled water and sonicated to remove any 
polishing residue. An indium tin oxide (ITO) electrode was 
employed for the spectro-electrochemistry experiments. A 
thin copper wire was attached to the ITO electrode using a 
conducting epoxy resin to give electrical contact. The ITO 
electrode, a platinum wire and a silver wire pseudo reference 
were placed in a quartz cell and an appropriate potential was 
applied to generate the radical cations. All UV–Vis spec-
troscopy measurements were carried out using a Cary 50 
UV–Vis spectrometer, while 1H NMR data were collected 
using a Brucker 500 MHz NMR spectrometer in D2O.

The Job’s plots were performed using 2.50 × 10−5 M 
viologen and 2.5 × 10−5 M sβ-CD stock solutions prepared 
in 0.1 M NaCl. This chloride solution was employed to 
maintain a near constant ionic strength as the sβ-CD has 
7–11 mol of sulfate per mol of β-CD, as reported by the ven-
dor. Different amounts of the two stock solutions were mixed 
to give viologen mole fractions ranging from 0.0 to 1.0. The 
cyclic voltammetry experiments were carried out at a scan 
rate of 50 mV s−1, while the rotating disc voltammetry was 
performed with rotation rates from 250 to 2000 rpm and at 
5 mV s−1 in a supporting 0.1 M NaCl solution.

Results and discussion

The potential interactions between the viologens, as V2+ and 
V·+, and the sβ-CD were studied using a combination of 
cyclic voltammetry, 1H NMR, rotating disc voltammetry, 
spectroelectrochemistry and UV–Vis spectroscopy.

Interactions between V2+ and sβ‑CD

The stoichiometry of the interaction between the three 
viologens, as dications, and the sβ-CD was determined by 
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applying the well-known Job’s plot method. This continuous 
variation method was employed using UV–Vis spectroscopy 
and NMR measurements. A typical Job’s plot for BV2+ in 
the sβ-CD solution is shown in Fig. 1a, where the UV data 
were recorded at 260 nm and the chemical shifts were fol-
lowed using the methylene protons of the benzyl substituents 
(Hc) and the protons in position β to the quaternary nitrogen 
atoms (Hb), identified in Fig. 1b. All measurements were 
repeated three times (n = 3) and the average values are plot-
ted with error bars. A schematic of the sβ-CD is provided 
in Fig. 1c, where the R groups correspond to SO3

− groups. 
Approximately 7–11 of the R groups are sulfated to give 
a solution conductivity of 5 mS cm−1 for a 0.01 M sβ-CD 
aqueous solution. It is clear from this plot that the maxi-
mum absorbance value and maximum chemical shifts 
were observed at a mole fraction of 0.5, indicating a 1:1 
BV2+:sβ-CD stoichiometry. Similar data were obtained using 
EV2+ and MV2+, again being consistent with a complex or 
ion pair with a 1:1 ratio between the viologen and sβ-CD.

Titrations were carried out using UV–Vis spectroscopy 
where the concentration of the viologen was maintained at 
2.5 × 10−5 M, and the concentration of the sβ-CD was varied 
from 2.5 × 10−5 to 5.0 × 10−4 M. Typical data are presented 
in Fig. 2 for MV2+, EV2+ and BV2+. It is clear from this fig-
ure that there is little change in the absorbance of the MV2+ 
and EV2+ on the addition of increasing amounts of sβ-CD. 
For example, the absorbance of the free MV2+ is 0.416 at 
257 nm and with a 20-fold excess of sβ-CD it decreases 
to 0.405. This is consistent with a weak interaction. How-
ever, a stronger interaction is evident with BV2+, where a 

small red shift is seen and a more significant decrease in 
the absorbance is evident with an excess of sβ-CD. These 
data are consistent with variations in the electron density on 
the nitrogen atoms. The electron donating properties of the 
methyl and ethyl groups are slightly higher than the benzyl 
substituents, and as a result, the nitrogen atoms have more 
electropositive character in BV. This facilitates a stronger 
interaction between the BV2+ and the anionic sulfate groups 
on the sβ-CD.

NMR data were recorded for 1.0 mM MV2+, EV2+ and 
BV2+ in 0.1 M NaCl in D2O in the absence and presence 
of a 20-fold excess of sβ-CD (20 mM) and the correspond-
ing spectra are shown in Fig. 3, while the chemical shifts 
observed on addition of the sβ-CD are summarised in 
Table 1. For comparative purposes, the spectra recorded on 
adding a 15-fold excess of the neutral β-CD are also pre-
sented in Fig. 3. The 1H NMR spectrum of the sβ-CD was 
complex and the signals were broad as a consequence of 
the varying degree of substitution. Consequently, the chemi-
cal shifts of the viologens were followed and this was pos-
sible without any interference from the sβ-CD, as the CD 
signals were all confined between 3.50 and 5.50 ppm. A 
20-fold excess of sβ-CD induces a downfield shift in the 
aromatic protons for all three viologens, however the down 
field shift is small ranging from 0.02 to 0.07 ppm for MV2+ 
and EV2+. Larger changes were observed with BV2+, where 
the downfield shift in Hb is 0.17 ppm and a somewhat lower 
change of 0.10 ppm is evident with Hc, Table 1. In addition, 
the singlet at 7.44 ppm, due to the presence of the benzyl 
substituent, appears as a multiplet in the presence of the 

(a) (b)

N+

N+

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0

0.1

0.1

0.2

0.2

0.3

0.0 0.2 0.4 0.6 0.8 1.0

-∆
δX

 

∆A
X

X 

b
ca d

e

f

(c)

Fig. 1   a Jobs plot titration curves with different sβ-CD and BV mole 
fractions plotted with filled circle the absorbance change at 260 nm, 
open circle NMR chemical shifts of Hb and chemical shift changes of 

Hc with repeated measurements, n = 3, b structure of BV with protons 
identified, c representation of sβ-CD, where R represents –SO3
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sβ-CD, suggesting a change in the environment of the benzyl 
group protons. This may indicate that the benzyl substitu-
ent is partially included within the CD cavity. However, it 
is well documented in the literature that an upfield shift is 
observed when a host molecule is included within a cyclo-
dextrin cavity to form an inclusion complex. The protons of 
the included guest are shielded to give an upfield shift. Ion 
paring interactions are often associated with de-shielding 
of the protons in the vicinity of the cationic species and 
this suggests that the interactions between the sβ-CD and 
viologens are electrostatic in nature with the formation of 
an ion pair where the two quaternary nitrogen atoms from 
the viologen molecule form an ion pair with two of the sul-
fate groups on the same CD cavity to give a 1.1 stoichiom-
etry. It is clear from these data that stronger electrostatic 
interactions exist between BV2+ and sβ-CD and this is in 
good agreement with the UV–Vis titrations, Fig. 2. In con-
trast, the addition of an excess of the neutral β-CD, has very 
little effect on the NMR signals, which is in good agree-
ment with previous studies, which show only weak interac-
tions between the charged viologens and the neutral β-CD 
[14–16]. In order to determine if the interactions observed 

were unique to the sβ-CD, the NMR data were recorded on 
the addition of 0.15 M Na2SO4 to the viologen containing 
chloride solution. Although a very small downfield shift (HB 
was shifted from 8.43 to 8.45 ppm for BV2+) was observed 
being consistent with the displacement of the chloride by 
the sulfate anions, a more significant downfield shift was 
observed on addition of the sβ-CD, Table 1.

Electrochemistry studies

The electrochemistry of viologens is well known [22–24], 
with reduction of the dication to the radical cation, Eq. 1, 
followed by further reduction to give the neutral viologen, 
Eq. 2, which has poor solubility. The corresponding oxida-
tion reactions are summarised in Eqs. 3–5. These reduc-
tion reactions were studied in the absence and presence of 
sβ–CD and for comparison purposes, the neutral β–CD was 
also employed. Cyclic voltammograms are shown for the BV 
system in Fig. 4 and in Fig. 5, the corresponding data are 
presented for EV. In Fig. 4a, the typical electrochemistry of 
BV is evident, where the first reduction peak, correspond-
ing to Eq. 1, occurs at − 0.58 V vs SCE and the second 
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Fig. 2   UV spectra of 2.50 × 10−5 M viologen in 0.1 M NaCl a MV, b EV and c BV in the absence and presence of varying amounts, from 
2.50 × 10−5 to 5 × 10−4 M sβ-CD
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(a) Hc (b) Hd, He, Hf

(c) Ha                                         Hb (d) Ha Hb
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Fig. 3   NMR spectra recorded for the viologens (1.0  mM) in 0.1  M 
NaCl in D2O (top, red), in the presence of 15  mM β-CD (middle, 
blue) and in the presence of 20 mM sβ-CD (bottom, black) for a–c 

BV2+, d, e EV2+ (where Hd represents the methyl protons) and f 
MV2+. (Color figure online)
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electron–transfer step occurs at about − 0.77 V vs SCE, to 
generate BV0. On the reverse cycle, the adsorption wave, at 
about − 0.60 V vs SCE, reflects the oxidation of the poorly 
soluble BV0, Eq. 4 and soluble BV0, Eq. 3, while the peak at 
− 0.47 V vs SCE corresponds to the oxidation of the radical 
cation back to the original BV2+, Eq. 5. The electrochemis-
try of BV in the presence of sβ-CD is very different. There 
is a considerable shift, of about 230 mV, in the position of 
the second reduction wave on addition of 10 mM sβ-CD. 

Reduction of the BV·+ becomes considerably more diffi-
cult in the presence of a slight excess of sβ-CD, indicating 
a significant interaction between the BV·+ radical and the 
anionic sβ-CD. The first reduction wave, observed at about 
− 0.58 V vs SCE, becomes progressively broader on addition 
of increasing concentrations of sβ-CD, which may indicate a 
decrease in the rate of the electron transfer reaction and/or a 
decrease in the rate of diffusion to the electrode surface, and 
this is consistent with the weak interaction between BV2+ 

Table 1   Chemical shifts of 
viologen protons in the absence 
and presence of sβ-CD, with 
multiplicity assigned as doublet 
(d), singlet (s) and multiplet (m)

Protons MV EV BV

Free sβ-CD Free sβ-CD Free sβ-CD

HA (ppm) 8.95 (d) 8.97 (d) 9.04 (d) 9.07 (d) 9.06 (d) 9.13 (d)
HB (ppm) 8.43 (d) 8.50 (d) 8.45 (d) 8.50 (d) 8.43 (d) 8.60 (d)
HC (ppm) 5.84 (s) 5.94 (s)
HD HE HF (ppm) 1.61 (t) 1.67 (t) 7.44 (s) 7.52 (m)

(a) (b)

-0.18

-0.12

-0.06

0.00

0.06

0.12

0.18

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

J /
 m

A

Ε /V vs SCE

-0.09

-0.06

-0.03

0.00

0.03

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

J /
 m

A
Ε /V vs SCE

Fig. 4   Cyclic voltammograms recorded in 2.5 mM BV in 0.1 M NaCl 
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and sβ-CD, evident in Figs. 2, 3 and Table 1. The presence 
of the sβ-CD has less influence on the oxidation processes. 
However, the first oxidation wave, corresponding to Eqs. 3 
and 4, is sharper in the presence of sβ-CD and this may 
indicate a change in the contributions of Eqs. 3 and 4 to the 
observed peak. In this case the reduced viologens are the 
insoluble BV0, insoluble BV0:sβ-CD and soluble BV0 which 
are formed through the reduction of BV·+ and BV·+:sβ-CD. 
While the interactions between BV·+and sβ-CD appear to be 
significant, the sharp oxidation peak observed is consistent 
with the insoluble species BV0 and BV0:sβ-CD having very 
similar oxidation potentials.

In Fig. 4b, the reduction waves are shown in the absence 
and presence of the neutral β-CD and in this case, it is clear 
that while there are small changes in the peak potential and 
peak current on the addition of increasing concentrations 
of the neutral β-CD, the second reduction wave remains at 
approximately − 0.80 V vs SCE, which is very different to 
that observed in Fig. 4a.

Similar data recorded for EV in the absence and pres-
ence of sβ-CD are shown in Fig. 5a. In this case, the peak 
currents for both reduction waves are lower in the presence 
of sβ-CD. With an equimolar concentration of sβ-CD, a 
clear drop in the peak current was evident and the cur-
rents decreased further with an excess of the sβ-CD. On 
considering the first reduction wave, it is evident that the 
lower peak current is accompanied by a shift in the peak 
potential to more negative values and this is consistent 
with the formation of an inclusion complex or some other 
interaction between the EV2+ and sβ-CD. As a reduction in 
the current associated with the first wave is seen, this will 
also give rise to lower peak currents for the second wave 
and this suggests that the main interactions are between 
the V2+ and the sβ-CD. The oxidation profiles of the 
electrogenerated EV0 and EV·+ species are considerably 
more complex in the presence of sβ-CD. Three separate 
signals are evident reflecting a different environment at 
the electrode-solution interface. The largest peak centred 
at about − 0.90 V vs SCE corresponds to the oxidation 

(1)V2+
(aq)

+ e− → V⋅+
(aq)

(2)V⋅+
(aq)

+ e− → V0
(aq)

(3)V0
(aq)

→ V⋅+
(aq)

+ e−

(4)V0
(s)

→ V⋅+
(aq)

+ e−

(5)V⋅+
(aq)

→ V2+
(aq)

+ e−

of the adsorbed EV0 species, while the preceding peaks 
may be due to co-adsorbed EV0 and sβ-CD on the gold 
substrate. Indeed, these signals increased with increasing 
sβ-CD concentration. Kostela et al. [25] have observed 
similar effects with micelles and have postulated the pos-
sibility of co-adsorption of viologens with micelles on the 
electrode surface.

In the presence of the neutral β-CD, Fig. 5b, the oxidation 
peak centred at − 0.85 V vs SCE is considerably smaller. 
Moreover, a larger oxidation peak, corresponding to the 
oxidation of the radical cation, is observed. It appears that 
complexation of the neutral EV0, which is normally poorly 
soluble, by the β-CD increases its solubility and the anodic 
peak at − 0.85 V vs SCE, which is due to the oxidation of 
the adsorbed insoluble viologen is lowered considerably. The 
solubilised EV0 can undergo a conproportionation reaction 
[22] to generate EV·+ and this is consistent with an increase 
in the second oxidation wave. Clearly these data are again 
very different to that observed in the presence of sβ-CD, 
Fig. 5a.

These interactions between EV or BV and sβ-CD were 
studied further using RDV measurements and these results 
are presented in Fig. 6. Rotating disc voltammograms are 
shown in the presence and absence of sβ-CD for the EV 
system in Fig. 6a where it is evident that the addition of the 
sβ-CD has a significant effect on the reduction of EV. The 
limiting currents are lower and there is a shift in the half-
wave reduction potentials. With a 30-fold excess of sβ-CD, a 
negative shift in the half-wave potential, ΔE1/2 of 45 mV vs 
SCE, is observed for the reduction of the dication to form the 
radical, EV2++ e− → EV·+. A smaller shift in the half-wave 
potential of 15 mV vs SCE was observed for the reduction 
of the radical to the neutral molecule, EV·+ + e− → EV0. 
The RDV plots are considerably more complex for the BV 
system in the presence of sβ-CD, as illustrated in Fig. 6b. 
Typical limiting currents are not observed. Instead, a sharp 
reduction peak is evident, which resembles the data observed 
in Fig. 4a. Again, this is consistent with the formation of an 
insoluble product between the BV·+ radical and the sβ-CD, 
which is deposited at the surface. As this is an adsorbed 
species its redox reaction is not influenced by diffusion, and 
reduction of the adsorbed and bound BV·+ radical appears 
as a sharp peak at about − 1.0 V vs SCE.

The diffusion coefficients and heterogeneous rate con-
stants for EV and MV in the absence and presence of excess 
sβ-CD were calculated. However, this was not possible 
with the BV system as typical limiting currents were not 
observed, Fig. 6b. The diffusion coefficients were obtained 
using the Levich equation, Eq. 6, while the Koutecky–Lev-
ich equation, Eq. 7, was employed to compute the rate con-
stants. Here, JL represents the measured limiting current, 
Jlev is the Levich current, F is Faraday’s constant, A is the 
surface area, k is the rate constant, Γ is the surface coverage, 
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c is the concentration, D is the diffusion coefficient, ω is the 
rotational speed and ν is the kinematic viscosity.

The linear Levich plots are shown for the first reduction 
wave in Fig. 7a and for the second reduction wave in Fig. 7b 
for EV free in solution and in the presence of a 30-fold 
excess of sβ-CD. Using Eq. 6, the diffusion coefficients of 
the free V2+ and V·+ and bound V2+ and V·+ species were 
computed for MV2+, MV·+, EV2+, EV·+ and BV2+ and 
these data are provided in Table 2. The diffusion coefficient 
computed for free MV2+ was 5.21 × 10−6 cm2 s−1 and this 
is in good agreement with the value of 6.7 × 10−6 cm2 s−1 
reported by Ling et al. [26]. There is a clear decrease in the 
computed diffusion coefficients on addition of the sβ-CD, 
indicating interactions between the viologens and the ani-
onic cyclodextrin, being consistent with the slower diffusion 
of the V2+:sβ-CD. The ratios, Dc/Df, where Dc represents the 
bound viologen and Df signifies the diffusion coefficient of 
the free viologen, were computed and these are also shown 
in the table, with the ratios varying between 0.35 and 0.47. 
The Koutecky–Levich plots for the EV free and in the pres-
ence of sβ-CD are shown in Fig. 7c and d, while the cor-
responding rate constants are summarised in Table 3, for 
MV2+, MV·+, EV2+, EV·+ and BV2+. It is clear that the rate 
constant is influenced by the added sβ-CD and in all cases, 
the rate constant is reduced in the presence of an excess of 
the sβ-CD. The influence of the presence of trace amounts of 
dissolved oxygen in solution is also illustrated in the table. 
It is well known that dissolved oxygen reacts with the violo-
gen radical cations to give the dications [22] and it is clear 

(6)JL = 0.621 nFA D2∕3v−1∕6c�1∕2

(7)
1

JL
=

1

JK
+

i

ilev
=

1

n F A k c
+

1.61

n F A �−1∕6D2∕3 �1∕2 c

from the data presented in the table that higher rate con-
stants are computed for the viologen cations, but lower rate 
constants are seen with the radical cations in the presence 
of trace amounts of dissolved oxygen (where the solutions 
were only deoxygenated for 20 min). This may be related to 
the oxygen induced conversion of the radical cation to the 
dication, Eq. 8. However, in the presence of the sβ-CD, the 
rate constants appear to be less dependent on the presence 
of oxygen and this may be associated with the electrostatic 
interactions between the viologens and sβ-CD, leading to the 
inhibition of the oxidation reaction, Eq. 8.

The binding constants, Kf, between MV2+, MV·+, EV2+, 
EV·+ and BV2+ and the sβ-CD were estimated by fitting the 
voltammetry data to Eq. 9, where j0 and j represent the peak 
current densities in the absence and presence of sβ-CD, and 
A is a proportionally constant. This analysis is valid when 
the sβ-CD concentration is in excess [27]. The computed 
binding constants are given in Table 4. In all cases, these 
Kf values are lower than the typical constants associated 
with the formation of an inclusion complex. Nevertheless, 
these values combined with the lower diffusion coefficients 
and lower rate constants indicate an interaction between the 
viologen and sβ-CD and this is most likely an electrostatic 
interaction with the formation of ion pairs.

The Kf value estimated for the BV2+:sβ-CD ion pair 
is lower than expected, as the NMR analysis, Table 1, 
showed a more significant interaction between the sβ-CD 

(8)2 MV⋅+ + 1∕2O2 + H2O → 2MV2+ + 2OH−

(9)
1

[s�-CD]
= Kf

1 − A

1 −
j
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Fig. 6   RDV voltammograms recorded at a GC electrode at 2000  rpm in the black solid lines absence and long dashed line presence of 
30 mM sβ-CD in 0.1 M NaCl for a 1.0 mM EV and b 1.0 mM BV
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and BV2+. Viologens are well known to adsorb at electrode 
surfaces and in particular, the benzyl viologen dication can 
form an organized and ordered adsorbed layer [28, 29]. 
The reduction of this adsorbed species takes place in the 
same potential region as the bulk solution species, mak-
ing it difficult to differentiate between both. Therefore, in 
this electrochemical method, the peak currents will always 
contain a contribution from the reduction of the adsorbed 
BV2+ to give an estimated Kf that is lower than the true 
value.

Spectroelectrochemistry studies

In order to investigate the interactions between the radical 
species of the viologen compounds and the sβ-CD, spec-
troelectrochemical experiments were performed and these 
data are shown in Figs. 8 and 9, where data are compared 
for BV and MV with different concentrations of sβ-CD. 
For comparative purposes, similar data recorded using the 
neutral β-CD are shown.
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Fig. 7   Levich plots for the limiting currents recorded at 250, 500, 
750, 1000, 1500 and 2000 rpm for a the first and b the second reduc-
tion waves and Koutechy–Levich plots recorded for c the first and 

d the second reduction wave in 1.0  mM EV in 0.1  M NaCl in the 
absence (filled triangle) and the presence of 30  mM  sβ-CD (filled 
square)

Table 2   Apparent diffusion 
coefficients calculated for the 
free viologens (1.0 mM) and 
in the presence of increasing 
concentrations of sβ-CD

[sβ-CD]/mM D (apparent)/cm2 s−1

MV2+ MV·+ EV2+ EV·+ BV2+

0 5.21 × 10−6 5.78 × 10−6 5.33 × 10−6 5.74 × 10−6 4.57 × 10−5

1 4.48 × 10−6 5.33 × 10−6 4.80 × 10−6 5.16 × 10−6 4.04 × 10−5

5 3.81 × 10−6 4.69 × 10−6 4.21 × 10−6 4.35 × 10−6 3.34 × 10−5

10 2.92 × 10−6 4.22 × 10−6 3.71 × 10−6 3.67 × 10−6 2.39 × 10−5

20 2.42 × 10−6 3.30 × 10−6 3.08 × 10−6 3.06 × 10−6 1.96 × 10−5

40 2.10 × 10−6 2.74 × 10−6 1.98 × 10−6 2.29 × 10−6 1.62 × 10−5

Dc/Df 0.40 0.47 0.37 0.40 0.35
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The UV–Vis spectrum for the radical cation of the ben-
zyl viologen, BV·+, generated on electrolysis at − 0.70 V 
vs Ag|Ag+ is illustrated, in Fig. 8a. The spectrum exhibits 
a band centered at 370 nm, which corresponds to the dimer 

absorption, while the shoulder peak at about 400 nm has 
been attributed to the radical as a monomeric species. The 
dimer has an additional band at about 500 nm while the 
monomer has a band centred at around 600 nm in the visible 
region [30, 31]. In the presence of excess sβ-CD the inten-
sity of the band centered at 370 nm, and corresponding to 
the absorption of the dimer, increases, while the monomer 
signal at 400 nm is suppressed. Jeon et al. [31] observed 
similar results in a study on the interactions between methyl 
viologen and a cucurbituril and explained their results in 
terms of an inclusion of the dimer species within the cav-
ity of the host. However, when spectroelectrochemical data 
were obtained for BV·+ in solution with a sulfated α-CD (sα-
CD), which does not possess a cavity large enough to host 
two viologen guests, similar data were obtained, indicating 
that the inclusion of the dimer within the sβ-CD is unlikely. 
Instead, the enhancement of the absorption intensity upon 
addition of the sβ-CD seems to be due to the deposition of an 
insoluble BV·+:sβ-CD aggregate on the ITO electrode, which 
was evident in the electrochemical data, Figs. 4a and 6b. The 
absorbance at 370 nm increases by about 0.05 on adding 
an excess of sβ-CD, while the monomer signal is absent, 
which may indicate that the deposited aggregates contain the 
BV·+ dimer. The corresponding data recorded for the neu-
tral viologen, shown in Fig. 8b, indicate a significant altera-
tion in the monomer–dimer ratio. The monomer absorption 
is enhanced and this is accompanied by a decrease in the 
absorption of the dimer. This suggests that the radical cation, 
as a monomer, is included in the hydrophobic cavity of the 
neutral β-CD, in agreement with previous studies [19].

The corresponding UV–Vis data recorded for MV are 
shown in Fig. 9, where the radical was generated at − 0.90 V 
vs Ag|Ag+. In this case, the absorbance band at 400 nm, 

Table 3   Rate constants, k, calculated for the free viologens (1.0 mM) 
and in the presence of a 30-fold higher sβ-CD concentration for deox-
ygenated solution and with traces of oxygen

System k/cm s−1

Free viologen Viologen with sβ-CD

Deoxygenated
 MV2+ 0.113 ± 0.003 0.024 ± 0.002
 MV·+ 0.046 ± 0.003 0.011 ± 0.003
 EV2+ 0.048 ± 0.001 0.022 ± 0.002
 EV·+ 0.061 ± 0.003 0.026 ± 0.002
 BV2+ 0.131 ± 0.002 0.012 ± 0.003

Traces of O2

 MV2+ 0.161 ± 0.006 0.032 ± 0.005
 MV·+ 0.039 ± 0.005 0.010 ± 0.003
 EV2+ 0.132 ± 0.005 0.029 ± 0.003
 EV·+ 0.037 ± 0.004 0.029 ± 0.003
 BV2+ 0.127 ± 0.005 0.039 ± 0.003

Table 4   Formation constants, 
Kf, calculated for the viologen; 
sβ-CD

Viologen:sβ-CD Kf/M−1

MV2+:sβ-CD 743 ± 21
MV·+:sβ-CD 248 ± 11
EV2+:sβ-CD 744 ± 21
EV·+:sβ-CD 170 ± 6
BV2+:sβ-CD 449 ± 7

(a) (b)
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Fig. 8   Spectroelectrochemical data recorded for 1.0 mM BV in 0.1 M 
NaCl at − 0.70  V a in the black line absence and presence of blue 
line 1.0 mM, light blue line 2.5 mM and light blue line10 mM sβ-CD 

and b in the dark blue line absence and presence of blue line 1.0 mM 
and light blue 2.5 mM β-CD. Arrows indicate the direction of change 
with increasing CD concentration. (Color figure online)



165Journal of Inclusion Phenomena and Macrocyclic Chemistry (2020) 96:155–167	

1 3

corresponding to the absorption of the radical monomer, is 
more pronounced and this can be related to the decreasing 
tendency to form dimers with the less hydrophobic methyl 
group. An equi-molar concentration of sβ-CD is sufficient 
to give a significant reduction in the absorbance of the radi-
cal. It appears that the rate of diffusion of MV2+ to the ITO 
surface, is reduced on addition of the anionic sβ-CD to give 
a lower absorbance for the radical species. This is in good 
agreement with the electrochemical data, where lower dif-
fusion coefficients were obtained to give Dc/Df ratios close 
to 0.5. It is also evident that the absorbance of the radical 
dimer seems to be enhanced in the presence of the sβ-CD. 
The sβ-CD seems to stabilise and promote the dimer over 
the monomer. For example, the ratio of monomer to dimer 
varies from 1.57 in the absence of the sβ-CD to 1.21 with an 
equimolar ratio of viologen to sβ-CD to a ratio of 0.95 for a 
tenfold excess of sβ-CD. A similar variation in the monomer 
to dimer ratio was observed by Quintela and Kaifer [32] for 
MV in the presence of a surfactant. This may indicate the 
preference for a radical dimer:sβ-CD ion pair and this is 
consistent with the more complex cyclic voltammograms 
shown in Fig. 5, where the first oxidation peak may arise 
from the oxidation of insoluble V0, soluble V0 and an insolu-
ble dimer:sβ-CD. The structure of the viologen dimer is not 
fully elucidated, however there is a general acceptance that 
it exists in solution in a face-to-face orientation arising from 
the overlapping π system of the two viologen molecules [33].

In the presence of the neutral β-CD, Fig. 9b, it is evident 
that the absorbance of MV·+ increases slightly on increas-
ing the concentration of the cyclodextrin. This phenomenon 
is usually explained in terms of increasing solubility due 
to the formation of an inclusion complex [34]. With the 
neutral β-CD, the ratio of monomer to dimer varies only 

slightly from 1.57 for the free viologen to 1.67 with a tenfold 
excess of the neutral β-CD. This suggests the formation of 
a very weak inclusion complex between MV·+and the neu-
tral cyclodextrin. Similar data were recorded with EV, with 
the ratio of the monomer to dimer changing from 1.45 for 
the free species to 1.70 for a tenfold excess of the neutral 
cyclodextrins.

Clearly, the BV system behaves differently to the MV or 
EV systems in the presence of the anionic sβ–CD. The BV 
system is more complex with the formation of an insolu-
ble product between the radical cation and the sβ-CD to 
give an insoluble BV·+:sβ-CD aggregate. The voltammetry, 
Fig. 4a, RDV, Fig. 6b and spectroelectrochemical data are 
consistent with the formation of this insoluble aggregate at 
the electrode–solution interface. There are weak interactions 
between the dications and the sβ-CD and this is evident in 
Fig. 9a, where the absorbance becomes increasingly lower 
as more of the sβ-CD is added, as the diffusion coefficient 
of the V2+ is reduced. This reduction in the absorbance is 
not evident with the BV system, Fig. 8a, as the aggregate is 
deposited at the ITO electrode. Although the interactions 
between BV2+ and sβ-CD seem to be stronger, as evidenced 
from the NMR data, Table 1, and UV–Vis titrations, Fig. 2, 
the opposing increase in the absorbance due to the deposi-
tion of the aggregate, gives an overall increasing absorbance.

Conclusions

Evidence for the deposition of a BV·+:sβ-CD aggregate was 
obtained using cyclic voltammetry, rotating disc voltamme-
try and spectroelectrochemistry. Reduction of the radical 
cation, BV·+, to the neutral BV0 was shifted by 230 mV in 
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Fig. 9   Spectroelectrochemical data recorded for 1.0  mM MV in 
0.1  M NaCl at − 0.90  V a in the black line absence and presence 
of grey line 1.0  mM, dark green line 2.5  mM and light green line 
10 mM sβ-CD and b in the black line absence and presence of grey 

line 1.0 mM and light green line 10 mM β-CD. Arrows indicate the 
direction of change with increasing CD concentration. (Color figure 
online)
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the presence of sβ-CD, indicating a significant and strong 
interaction. The complex rotating disc voltammograms, 
obtained during the reduction of BV2+ in the presence of 
excess sβ-CD, showed evidence for the reduction of an 
adsorbed species, consistent with the deposition of the 
insoluble BV·+:sβ-CD aggregates at the electrode surface. 
The presence of this insoluble aggregate at the ITO electrode 
was observed in spectroelectrochemical experiments where 
the radical species were generated. The absorbance of the 
dimer increased by about 0.05 on adding an excess of sβ-CD, 
which is consistent with the deposition of the aggregate at 
the ITO electrode and indicates that the aggregates may con-
tain the BV·+ dimer. Electrostatic interactions were observed 
between the viologen dications, V2+ and the sβ-CD, with 
slightly stronger electrostatic interactions between the BV2+ 
and the sβ-CD.
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