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   Abstract 

 Electrochemical oxidation of quercetin (QR), 3-hydroxy-
fl avone (3HF), and baicalein (BN) and their grafting onto 
the glassy carbon (GC) electrode have been studied using the 
cyclic voltammetric (CV) technique. Electrochemical studies 
were performed within a one-compartment three-electrode cell 
at room temperature. The modifi cation was carried out only 
in nonaqueous media, while the electrochemical characteriza-
tion was done in both aqueous and nonaqueous media. In the 
nonaqueous experiments, 0.1    m  tetrabutylammonium tetra-
fl uoroborate in acetonitrile was used, whereas in the aqueous 
experiments, Britton-Robinson buffer solutions (pH = 2) and 
0.1    m  KCl solutions were. Surface modifi cations were per-
formed by CV for all compounds. The presence of QR, 3HF, 
and BN at the GC electrode surface was characterized by CV, 
electrochemical impedance spectroscopy, contact angle mea-
surement, ellipsometry, and atomic force microscopy.  

   Keywords:    fl avonoid;   electrochemical modifi cation;   
surface characterization;   contact angle measurements;   
ellipsometric thickness.     

  Introduction 

 The term  fl avonoid  refers to a class of aromatic, oxygen-
containing heterocyclic pigments widely distributed among 
higher plants as secondary metabolites. Flavonoids constitute 
one of the most characteristic classes of compounds con-
taining hydroxyl groups attached to ring structures (Kuhnau 
 1976 ). Many fl avonoids are easily recognized as fl ower pig-
ments in most angiosperm families. However, their occur-
rence is not restricted to fl owers but includes all parts of the 

plants. They constitute most of the yellow, red, and blue col-
ors in fl owers and fruits (Nematollahi and Malakzadeh  2003 ). 
Flavonoids are broken down into categories of isofl avones, 
anthocyanidins, fl avans, fl avonols, fl avones, and fl avanones 
(Peterson and Dwyer  1998 ). The chemical structure of fl a-
vonoids is based on a C 15  skeleton, which consists of two 
phenyl rings and a heterocyclic ring (Robards and Antolovich 
 1997 , Bohm  1998 ). 

 Several studies concerning the solution electrochemistry of 
fl avonoids have been reported in literature (Zhu et al.  2002 , 
Nematollahi and Malakzadeh  2003 , Janeiro et al.  2005 , Chen 
et al.  2009 , He et al.  2009 , Zare et al.  2009 , Zielinska and 
Pierozynski  2009 , Jin et al.  2010 , Pierozynski and Zielinska 
 2010 ). Electrochemistry of the interaction of quercetin (QR) 
with DNA was investigated by Zhu et al.  (2002)  to infer the 
active part of QR that interacts with DNA and to explain the 
possible DNA-damaging activity of QR (Brett and Diculescu 
 2004 ). Nematollahi and Malakzadeh  (2003)  described the 
electrooxidation of QR in the absence and presence of ben-
zensulfonic acid and 4-toluenesulfonic acid as nucleophiles 
to synthesize new sulfonyl derivatives of QR. Liu  (2006)  
and Liu and Guo  (2006)  studied the interaction of QR with 
organized molecular assemblies of anionic surfactant, sodium 
dodecyl sulfate, and cationic surfactant, cetyltrimethyl ammo-
nium bromide. Zare et al.  (2005)  studied the electrochemical 
behavior of QR and proposed a mechanism for the oxidation 
electrode reaction. Timbola et al.  (2006)  discussed the elec-
trochemical oxidation of QR in hydroalcoholic solution on 
glassy carbon (GC) electrode. They proposed an electrode 
reaction scheme and analyzed the controlled potential elec-
trolysis products. 

 The above-mentioned pertinent literature suggests very 
different electrochemical oxidation mechanisms and electro-
chemical behaviors of QR and other fl avonoids. Most of the 
authors tried to imply a relationship between electrochemical 
behavior and antioxidant capacity of fl avonoids in aqueous 
and nonaqueous media. Some physicochemical parameters, 
which are relevant for explaining the antioxidant capacity of 
fl avonoids, can be determined by electrochemical measure-
ments in solution. For example, half-wave potential (E 1/2 ) may 
be a useful parameter for inferring information on the scav-
enging activity of the fl avonoids. The ease of electrochemical 
oxidation of a fl avonoid is of importance for its antioxidant 
capacity. The rationale behind this idea is the assumption of 
the similar mechanism of electrochemical oxidation and free 
radical scavenging (Rice -Evans et al. 1997 , Janeiro and Brett 
 2005 ). 

 Although some correlation can be found between solu-
tion electrochemical behavior and antioxidant capacity, it is 
more realistic to fi nd such a relation in solid state of these 
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compounds. The study of solid-state electrochemistry of fl a-
vonoids offers many advantages such as strong H-bonding 
and different isomerism. Solid-state electroanalysis of fl a-
vonoids can be investigated either by mechanical immobiliza-
tion or by covalent grafting at the surface of carbon or metal 
electrodes. The former methodology, the so-called voltam-
metry of microparticles, presents some disadvantages such as 
dissolution of immobilized molecules during electrochemical 
measurements and unknown amount of deposited micropar-
ticles at the electrode surface (Bond  1997 , Janeiro and Brett 
 2005 ). Covalent grafting methods based on amine oxidation 
(Downard  2000 ), aryl diazonium salt reduction (Isbir et al. 
 2005 ), and oxidation in the presence of alcohols (Maeda et al. 
 1997 , Downard  2000 ) have been employed to derivative the 
surfaces of carbon and metals. 

 To date, no report has been published on the covalent 
immobilization of fl avonoids to the solid surfaces and on 
the electrochemical behavior of the solid state of fl avonoids 
in nonaqueous media. Janeiro and Brett  (2005)  studied the 
electrochemistry of solid-state morin mechanically attached 
to the GC electrode. In a recent article, He et al.  (2007)  
reported a QR-modifi ed wax-impregnated graphite elec-
trode for the detection of uric acid in the presence of ascor-
bic acid. 

 The aim of the present article is concerned with the cova-
lent modifi cation of GC electrode with QR, 3-hydroxyfl a-
vone (3HF), and baicalein (BN) in nonaqueous media by 
oxidation of these structurally related fl avonoids at a GC 
electrode. In this study, we also investigate the electro-
chemical oxidation of fl avonoids in nonaqueous media and 
propose a grafting mechanism of fl avonoids onto the GC 
electrode surface.  

  Experimental 

  Reagents, chemicals, electrodes, and apparatus 

 All chemicals were of analytical reagent grade from Merck, 
Fluka, Riedel, and Sigma-Aldrich. Water of ultrapure quality 
with a resistance of 18.3   M Ω  cm (Millipore Milli-Q purifi ca-
tion system; Millipore, Bedford, MA, USA) was used in the 
preparation of aqueous solutions, cleaning of glassware, and 
polishing of electrodes. The modifi cation and characterization 
experiments were performed in both aqueous and nonaque-
ous media. All fl avonoid solutions used in the modifi cation 
were 1   m m  concentration in acetonitrile (MeCN) containing 
0.1    m  tetrabutylammonium tetrafl uoroborate (TBATFB) as 
supporting electrolyte. Solutions were thoroughly deoxy-
genated by purging with purifi ed argon gas (99.999 % ) for 
10   min before the electrochemical experiments. Argon blan-
ket was maintained over the solutions to supply an inert 
atmosphere during voltammetric measurements. All electro-
chemical experiments were performed at room temperature 
(25 ° C ± 1 ° C). Electrochemical surface modifi cation experi-
ments were performed in the 300- and 2800-mV potential 
range at a scan rate of 100   mV s -1  with 10 cycles. A traditional 
three-electrode cell system was used in all electrochemical 

experiments. In our experiments, Gamry Reference PCI4/750 
series Potentiostat/Galvanostat/ZRA (Gamry Instruments, 
Warminster, PA, USA) and electrochemical analyzer with 
BAS Model MF-2012 (Bioanalytical Systems, West Lafayette, 
IN, USA) and Tokai GC-20 GC electrodes were used. Ag/Ag  +   
(10   m m  AgNO 3  in 0.1    m  TBATFB) (BAS Model MF-2042) 
for nonaqueous media and an Ag/AgCl/3    m  KCl (BAS Model 
MF-2063) for aqueous media were used as reference elec-
trodes. A Pt wire counter electrode (BAS Model MW-1032) 
was used. As a buffering media, Britton-Robinson (BR) solu-
tion was used for adjusting the pH of the solutions between 
1.81 and 11.98 using Jenway 3010 pH meter. 

 Cyclic voltammetric (CV) and electrochemical imped-
ance spectroscopy (EIS) techniques were performed using 
a Gamry Reference PCI4/750 Potentiostat/Galvanostat/ZRA 
(Gamry Instruments) equipped with a BAS model C3 cell 
stand. Electrochemical characterization was performed with 
the same electrochemical devices and software used for the 
modifi cation. Characterizations of the modifi ed surfaces were 
recorded by EIS, contact angle measurement (CAM), ellip-
sometry, and atomic force microscopy (AFM) techniques. 
EIS experiments were carried out with a Gamry Reference 
PCI4/750 potentiostat in conjunction with EIS 300 software. 
EIS surface data were obtained in the 1-m m  Fe(CN) 6  

3-/4-  redox 
couple at the frequency range of 100.000 – 0.05   Hz at 10-mV 
wave amplitude. 

 The CAMs were carried out with a contact angle mea-
suring system: G-III model Contact Angle Meter (Kernco 
Instrument, El Paso, TX, USA) at 25 ° C. The sessile drop 
method was used to measure the contact angle, and the drop 
was formed by depositing the liquid from above using a man-
ual microsyringe on the GC electrode surface. Both the left 
and the right contact angles and drop dimension parameters 
were automatically calculated from the digitalized image. 
The reproducibility of contact angle results is in the range 
of  ± 0.5 ° . 

 Ellipsometer measurements were performed with a Nanofi lm 
EP3 (Germany) imaging ellipsometer with a 532-nm laser 
(green light) refl ection with 73 ° . The results of these measure-
ments were recorded as an average of four computations in a 
50 × 50- µ m area. Four-zone autonulling procedure was used in 
thickness measurements. The pattern formed 1.0000, 1.4600, 
and 3.0841 values for  n  and 0.0000, 0.0000, and 1.7820 values 
for  k  to the air, organic layer, and graphite, respectively.  

  Preparation of the electrodes 

 GC electrodes were prepared for the modifi cation experi-
ments by polishing to gain a mirror-like appearance, fi rst 
with fi ne wet emery papers (grain size 4000) and then with 
1.0- and 0.3- µ m alumina slurry on microcloth pads (Buehler, 
USA). After the initial polishing, GC electrodes were resur-
faced using 0.05- µ m alumina slurry. First, GC electrodes were 
sonicated in water and then in 1:1 (v/v) isopropyl alcohol and 
MeCN (Aldrich) mixture for 10   min. All of these steps were 
performed before the electrochemical experiments to avoid 
contamination of oxidation products and to obtain a clean 
renewed electrode surface.  
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  Modifi cation of GC electrodes 

 The electrochemical modifi cation was performed in a con-
ventional three-electrode system at room temperature. After 
cleaning and polishing, the GC electrode surfaces were dried 
with argon gas prior to modifi cation. QR, 3HF, and BN solu-
tions (1   m m ) were prepared in 0.1    m  TBATFB in MeCN. The 
electrodes were then treated by CV in the potential range 
from 300 to 2800   mV at a 100-mV s -1  scan rate at 10 cycles 
for all molecules.   

  Results and discussion 

  Electrochemical grafting of fl avonoids onto the GC 

electrode surface 

 Three structurally different but related fl avonoids, QR, 3HF, 
and BN (Table  1 ) were investigated electrochemically both in 
solution and in solid state attached to the GC electrode sur-
face via the covalent bonds. 

 From Figure  1  , it is very apparent that the overall voltam-
mogram profi les are different for the three kinds of fl avonoids 
in MeCN. This shows that the electrochemical oxidation of 
fl avonoids is strongly related to the structure, especially to the 
number and position of the OH groups. Since there is no sys-
tematic study on the electrochemical oxidation mechanism of 
fl avonoids in both aqueous and nonaqueous media, the fl a-
vonoids under investigation are purposely chosen regarding 
their structural differences to elucidate their electrochemical 
oxidation mechanism. 

 Cyclic voltammograms of 1   m m  QR, 3HF, and BN solu-
tions in MeCN show several oxidation peaks at the GC elec-
trode surface. Anodic peaks are observed at 1078, 1433, 2038, 
and 2428   mV for QR; 944, 1746, and 2042   mV for 3HF; and 
690, 1345, and 2093   mV for BN vs. Ag/Ag  +   electrode. Cyclic 
voltammogram of 1   m m  QR solution is very similar to that of 
3HF with the exception of the second anodic peak observed 
in QR but not in 3HF. QR and 3HF have one hydroxyl group 
in the C ring and show similar electrochemical behavior. 
Although QR and BN both have two hydroxyl groups of the 
same position in the A ring, BN has additional hydroxyl group 
at the position 6 in the A ring but has no OH groups in the 
B and C rings. It is electrochemical behavior of QR that has 
been most extensively studied in aqueous media (Brett and 
Diculescu  2004 , Timbola et al.  2006 ). Although the number 

Table 1 Chemical structures of fl avonoids.
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 Figure 1    First scan cyclic voltammograms of QR, 3HF, and BN in 
MeCN containing 0.1    m  TBATFB and 1   m m  fl avonoid on GC elec-
trode. Scan rate is 100   mV s -1  and vs. Ag/Ag  +   (10   m m ).    

of peaks observed are different and depend on the experimen-
tal conditions, most of the authors have reported three peaks 
for the oxidation of QR. The fi rst (the less positive potential) 
one has been attributed to the relatively reversible oxidation of 
hydroxyl groups in the B-ring-forming quinone species. The 
second one has been attributed to the irreversible oxidation 
of hydroxyl group in the C ring and the third one (most posi-
tive potential) to the irreversible oxidation of 5,7-dihydroxy 
substituents in the A ring (Brett and Diculescu  2004 ). Timbola 
et al.  (2006)  proposed a very different mechanism for the sec-
ond and third oxidation peaks of QR in hydroxy-alcoholic 
media at the wax impregnated graphite electrode. As Figure  1  
shows, the overall CV profi les of the fl avonoids under inves-
tigation in MeCN are similar to each other. Our purpose here 
is not only to investigate the mechanism of oxidation of fl a-
vonoids in solution but rather to investigate the mechanism of 
deposition of fl avonoids to the GC surface. Deposition mecha-
nism will be discussed later in mechanistic studies section. 

 Figure  2   shows the multiscan cyclic voltammograms of 
QR, 3HF, and BN in MeCN containing 0.1    m  TBATFB at the 
GC electrode surface. The potential was cycled anodically 
by 10 scans from 300 to 2800   mV. During the fi rst scan, a 
few of the fl avonoids exhibited a number of oxidation peaks 
depending on the structure of the compound at the bare GC 
electrode. The currents of these peaks decreased as the cycle 
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numbers increased and almost became zero in a few subse-
quent scans. This type of multiscan voltammogram clearly 
demonstrates that a fi lm immediately forms after the oxidation 
of fl avonoids at the GC electrode on which fl avonoid cannot 
be oxidized. This electrochemical behavior is analogous to the 
ones obtained in modifi cation of surfaces with various organic 
compounds (Downard  2000 , Pinson and Podvorica  2005 , Isbir 
et al.  2006 ,   Ü st ü nda ğ  and Solak 2009 ). The immediate decrease 
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 Figure 2    Repetitive cyclic voltammograms of (A) GC-QR, (B) 
GC-3HF, and (C) GC-BN in MeCN containing 0.1    m  TBATFB and 
1   m m  fl avonoid on GC electrode. Scan rate is 100   mV s -1  and vs. 
Ag/Ag  +   (10   m m ) electrode. Grafting was accomplished by 10 sequen-
tial scans. Dotted voltammogram is for the bare GC electrode in solu-
tion without any QR, 3HF, and BN.    

of the peak current implies that a monolayer is grafted and the 
electrode surface is passivated just after the generation of the 
oxidation products of the fl avonoid. Multilayer formation is 
also possible, but the disappearance of the voltammograms 
clearly indicates the existence of at least a monolayer at the 
surface. From Figure  2 , it is interesting to note that an irrevers-
ible surface peak appears and survives from beginning of the 
second scan for all fl avonoid derivatives but especially appar-
ent for QR and 3HF. This peak can be attributed to the oxida-
tion of surface confi ned diphenols to quinones in the anodic 
scan and vice versa in the cathodic scan due to the existence 
of large amount of residual water in the media when compared 
with the small surface concentration of the grafted fl avonoid 
(Sawyer et al.  1995 , Isbir et al.  2006 ). The fl avonoid-modifi ed 
surfaces prepared by the anodic oxidation at the GC electrode 
surfaces are depicted as GC-QR, GC-3HF, and GC-BN for 
QR, 3HF, and BN, respectively.  

  Characterization of fl avonoid-modifi ed GC electrode 

surfaces by CV and EIS 

 To confi rm the existence of fl avonoids at the GC electrode sur-
face, cyclic voltammograms of ferrocene in MeCN (Figure  3  ) 
and hexacyanoferrate III, (Fe(CN) 6  

3- ) in BR buffer (Figure  4  ) 
were acquired on the bare and modifi ed GC electrode. As 
Figure  3  shows, although the bare GC electrode allows the 
electron transfer for the ferrocene oxidation, the modifi ed sur-
face does not. 

 Figure  4  shows the voltammograms of Fe(CN) 6  
3-  in pH 2 of 

BR buffer solution on the bare GC electrode and after modi-
fi cation of GC electrode with QR, 3HF, and BN. As can be 
seen from Figure  4 , electrochemical response of Fe(CN) 6  

3-  on 
the fl avonoid-modifi ed GC has been strongly suppressed by the 
layers of all kinds of fl avonoids. Oxidation-reduction of redox 
probe species occurs with rapid redox kinetics at the bare elec-
trodes as indicated by the peak shapes of the voltammograms. 
The inhibition and suppression of the rapid electron transfer for 
this redox system was observed for pH values between 1.81 
and 11.98 in BR buffer solution, indicating that electron trans-
fer was not affected by the surface charge density due to the 
protonation or deprotonation of polyphenol-type fl avonoids. 

 The potential scan range is an important parameter in the 
grafting process of the fl avonoids to the GC electrode surface. 
To investigate the potential scan range, the initial potential was 
fi xed at 300   mV, and the applied potential was changed to more 
positive values than the potential of the starting point. When 
the positive applied potential was at a value between the fi rst 
and the second peaks of QR, no modifi cation was observed 
due to the fact that the generated product cannot interact with 
the surface because no oxygen-containing groups form before 
the third peak potential. The third peaks at about 2   V are attri-
buted to the oxidation of the GC surface, facilitated by the 
presence of the  o -quinone forms of fl avonoids. Figure  2  shows 
the oxidation voltammogram of the bare GC electrode in 0.1    m  
TBATFB (in MeCN) without any fl avonoid derivatives. 

 Figure  5   shows the Nyquist graphs for redox couple of 
Fe(CN) 6  

3-/4-  solution in 0.1    m  KCl at the bare GC electrode 
and after modifi cation of GC electrode with QR, 3HF, and BN 
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 Figure 3    Cyclic voltammograms of 1   m m  ferrocene vs. Ag/Ag  +   
(10   m m ). (A) bare GC electrode and QR-modifi ed GC electrode, (B) 
bare GC electrode and 3HF-modifi ed GC electrode, and (C) bare GC 
electrode and BN-modifi ed GC electrode in MeCN + 0.1    m  TBATFB. 
Scan rate is 100   mV s -1 .    
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 Figure 4    Cyclic voltammograms of 1   m m  Fe(CN) 6  
3-  vs. Ag/

AgCl/3    m  KCl reference electrode. (A) Bare GC electrode and 
QR-modifi ed GC electrode, (B) bare GC electrode and 3HF-modi-
fi ed GC electrode, and (C) bare GC electrode and BN-modifi ed GC 
electrode in BR buffer solution, pH = 2. Scan rate is 100   mV s -1 .    

at 300- and 2800-mV potential ranges. Modifi cation begins 
only when the applied potential is more positive than the last 
peak potential. 

 The results of CV and EIS measurements suggest that 
strongly attached surface fi lms are formed on the GC elec-
trode by imposing anodic scan from 300 to 2800   mV in 0.1    m  
TBATFB + MeCN solution containing 1   m m  of QR, 3HF, 
and BN. These fi lms completely block the electrochemical 

response of Fe(CN) 6  
3-/4- , which shows highly reversible elec-

tron transfer rate on the bare GC electrode.  

  CAM spectroscopic characterization of 

fl avonoid-modifi ed GC surface 

 In the CAM technique, if the dropped substance is water, the 
hydrophilicity of the modifi ed surface can be investigated by 
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comparing the water drop contact angles on both bare GC 
electrode and fl avonoid-modifi ed GC electrode. In the cur-
rent study, bare GC electrode surface was found to be quite 
hydrophobic, as revealed by a high contact angle of 86 ° , 
which is very close to 90 ° . As Table  2  shows, 3HF molecule 
bears only one OH group in the C ring, has a higher contact 
angle, and hence is more hydrophobic as compared with QR 
and BN. Besides, QR and BN molecules bear more OH func-
tional groups than that of 3HF; therefore, GC-QR and GC-BN 
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 Figure 6    Ellipsometric 3D images of the bare GC electrode, 
GC-QR, GC-3HF, and GC-BN surfaces. Dimensions of the speci-
men is 50 × 50    µ m.    

Table 2 CAMs of unmodifi ed and modifi ed GC surfaces 
corresponding to water.

Surface Contact angle (°)

Bare GC 86.00±0.50
GC-QR 30.59±2.56
GC-3HF 66.55±4.85
GC-BN 31.00±0.35
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 Figure 5    Nyquist plot for (A) bare GC electrode and QR-modifi ed 
GC electrode, (B) bare GC electrode and 3HF-modifi ed GC elec-
trode, and (C) bare GC electrode and BN-modifi ed GC electrode. 
Electrochemical impedance spectra of the redox couple Fe(CN) 6  

3-/4-  
solution in 0.1    m  KCl at the frequency range of 100.000 – 0.05   Hz at 
10-mV wave amplitude.    

surfaces are more hydrophilic than the bare GC electrode sur-
face and GC-3HF surface. 

 The hydrophilicity of the surface is based on the interac-
tion of water with the oxygen or oxygen-containing groups 
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Scheme 1 The proposed electrochemical oxidation and grafting mechanisms of QR, 3HF, and BN with two-electron process resulting 
o-quinone derivatives and then grafting to GC electrode surface.

to form hydrogen bonds. As will be discussed later, the 
interaction sites of fl avonoids with the oxidized GC elec-
trode surface are different for each compound. We pro-
pose that the oxidized forms of fl avonoids in solution, i.e., 
 o -quinone products, interacts with the oxidized GC elec-
trode surface through the B ring for QR and through the A 
ring for 3HF and BN, making the surface-bound molecules 
more hydrophilic due to the regained hydroxyl groups. 
These functional groups give an enhanced contribution to 
the hydrophilic character of QR and BN. Therefore, QR 
and BN show lower contact angles with water drops due to 
the hydrogen bonds with abundant hydroxyl groups, when 
compared with 3HF.  

  Characterization of fl avonoid-modifi ed GC surfaces 

by ellipsometry 

 The surface thicknesses have been measured by ellipsometry, 
and three-dimensional (3D) images were obtained and shown 

in Figure  6  . Ellipsometric measurements of QR-modifi ed GC 
electrode surface were performed at two different regions and 
calculated as 26.10 ± 0.17 and 53.20 ± 0.51    Å , with an average 
of four measurements. As it is seen from the 3D image, QR 
was modifi ed to the GC electrode surface in two different 
ways. The thickness of those regions differs from each other 
by half or twice. The difference in the thickness in the two 
different regions is not well understood but can be attributed 
to either the formation of dimerization before grafting or the 
deposition of the cation radicals to the grafted layer by inter-
molecular hydrogen bonds (Zhou et al.  2007 ). 

 The ellipsometric thickness of 3HF-modifi ed GC electrode 
surface was calculated as 25.12 ± 0.52    Å , with an average of 
four measurements from the 3D image, and one can conclude 
that 3HF exists on the surface with a smooth and homogeneous 
appearance. Accordingly, the thicknesses of QR and BN are 
almost the same. BN was also modifi ed to the GC electrode sur-
face either by hydrogen bonding or by dimerization of the BN 
itself. The thickness of BN was calculated as 61.62 ± 0.87    Å .  
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  Mechanistic studies of the attachment of fl avonoids 

to the GC electrode surface 

 Although there are some discrepancies about the oxida-
tion mechanism of fl avonoids, almost all authors agree that 
the fi rst oxidation occurs in the B ring hydroxyl groups to 
quinones, either in aqueous or nonaqueous solution (Pinson 
and Podvorica  2005 ). On the other hand, the mechanism 
of grafting of fl avonoids to the solid surfaces is not exten-
sively investigated and still amenable to many confl icts. 
Scheme  1  illustrates the oxidation mechanism of QR, 3HF, 
and BN in solution and the grafting the  o- quinone products 
to the oxidized GC electrode surface, in accordance with the 
voltammograms of these compounds in Figure  1 . All of the 
voltammograms display the similar properties with three irre-
versible oxidation peaks, the fi rst one is for the one-electron 
oxidation of QR to phenolic radical in B ring, of 3HF to phe-
nolic radical in C ring, and of BN to phenolic radical in A 
ring (Janeiro and Brett  2005 , Timbola et al.  2006 ). Removal 
of the second electrons results on the conversion of phenolic 
radicals to  o -quinone products, as shown in Scheme 1  . 

 As stated above, modifi cation occurs only beyond the 
third peak, which is attributed to the oxidation of GC elec-
trode surface with the involvement of residual water in 
MeCN (Kessler et al.  2003 , Isbir et al.  2006 ). As Scheme 1   
shows, QR, 3HF, and BN are converted to  o -quinone 
derivatives with two-electron oxidation of the B, C, and 
A rings, respectively. Anodically formed quinone deriva-
tives interact with the functional groups of the oxidized GC 
electrode surface beyond  ∼ 2   V. Oxygen containing func-
tionalities at the GC electrode surface interact as nucleo-
philes with  o -quinone rings in positions 6 ′  of QR (B ring), 
position 5 of 3HF (A ring), and position 8 of BN (A ring) 
(Kessler et al.  2003 , Isbir et al.  2006 , Pineda et al.  2009 ). 
Attachment styles of the fl avonoids are also depicted in 
Scheme 1  . Deposition of the fl avonoid derivatives follows 
electrochemical and chemical mechanisms during the elec-
trochemical modifi cation to GC electrode surface, forming 
etheric bonds between fl avonoid moieties and GC electrode 
surface. In summary, all three molecules are electrochemi-
cally oxidized to  o -quinones by the application of potential 
to the solution, and these  o- quinone products are chemi-
cally bonded to the GC electrode surface through etheric 
covalent bonds.   

  Conclusions 

 The results obtained in this study show that the electrochemi-
cal behavior of QR, 3HF, and BN strongly depends on the 
nonaqueous medium provided by MeCN. The mechanism of 
electron transfer of QR, 3HF, and BN can be clarifi ed using 
CV, EIS, CAM, AFM, and ellipsometry. As can be seen from 
the results, QR, 3HF, and BN are strongly grafted on the elec-
trode surface, and thus the oxidation products block the whole 
electrode surface. The experiments showed that the oxidation 
of QR, 3HF, and BN on the electrode surface is an irrevers-
ible process.   
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