
Accepted Manuscript

Analysis of catechol, 4-methylcatechol and dopamine electrochemical reactions on
different substrate materials and pH conditions

Sara Chumillas, Tommi Palomäki, Meng Zhang, Tomi Laurila, Victor Climent, Juan M.
Feliu

PII: S0013-4686(18)31859-0

DOI: 10.1016/j.electacta.2018.08.113

Reference: EA 32664

To appear in: Electrochimica Acta

Received Date: 3 April 2018

Revised Date: 13 August 2018

Accepted Date: 17 August 2018

Please cite this article as: S. Chumillas, T. Palomäki, M. Zhang, T. Laurila, V. Climent, J.M. Feliu,
Analysis of catechol, 4-methylcatechol and dopamine electrochemical reactions on different
substrate materials and pH conditions, Electrochimica Acta (2018), doi: https://doi.org/10.1016/
j.electacta.2018.08.113.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.electacta.2018.08.113


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Analysis of Catechol, 4-Methylcatechol and Dopamine electrochemical reactions 

on different substrate materials and pH conditions. 

 

Sara Chumillas
a
, Tommi Palomäki

b
, Meng Zhang

c
 Tomi Laurila

b
, Victor 

Climent
a*

, Juan M. Feliu
a
. 

a
Instituto Universitario de Electroquímica, Universidad de Alicante, Apt. 99, 03080 

Alicante, Spain 

b
Department of Electrical Engineering and Automation, School of Electrical 

Engineering, Aalto University, PO Box 13500, 00076 Aalto, Finland 

c
State Key Laboratory of Physical Chemistry of Solid Surfaces, Department of 

Chemistry, College of Chemistry & Chemical Engineering, Xiamen University, 

Xiamen, 361005, P.R.China 

*
Corresponding author: victor.climent@ua.es, Tel.: +34 965903400 

 

Abstract: 

The electrochemical behaviour of several structurally related catecholamine 

molecules has been investigated on different electrode materials with cyclic 

voltammetry, infrared spectroscopy and scanning tunneling microscopy. Emphasis 

was on the identification of subsequent chemical processes that follow the main 

electron transfer step and complicate the interpretation of the mechanism, including 

the polymerization reaction and fouling of the electrode surface. Among the 

materials investigated, gold was found out to be the most active for the oxidation of 

catechol, 4-methylcatechol and dopamine. At the same time, it was also the 

electrode least sensitive to fouling after voltammetric cycling, exhibiting the 

highest reversibility. The effect of pH was also investigated. Increase in pH 

enhanced the processes of quinone hydroxilation and polymerization. 

Spectroscopic measurements allowed detection of both solution and adsorbed 

species participating in the oxidation and polymerization processes. Finally, STM 

results showed the formation of polydopamine granules on gold surfaces, which 

grew in size as the number of cycles increased. Measured height of the granules, 

less than 0.5 nm, suggests a flat orientation of the molecules conforming the 

polymer.  

Keywords: catecholamines; dopamine; cyclic voltammetry; in situ infrared 

spectroscopy; scanning tunnelling microscopy 
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1 Introduction 

 

Intensive research in recent decades [1-3] has provided ample support for the role of 

quinones in biological processes, such as photosynthesis, cellular respiration and those 

involving signal transduction in living organisms. Quinones are magnetic molecules 

characterized by their ability to interact with transitions metals and photons [4-6]. To 

this family of biological molecules belong neurotransmitters such as dopamine, 

adrenaline and epinephrine. There is a strong interest in the understanding of the 

chemistry of these molecules, and their participation in biological redox processes as 

well as in the devising of methods for their detection and quantification in biological 

fluids. 

Catechol is commonly employed in several industrial processes for the production of 

pharmaceutical, plastic, dyes or cosmetics products [7]. Its methylated derivative is 

used in the production of topaquinone (trihydroxybenzene), a cofactor used by copper 

amine oxidases [8]. Lastly, dopamine is one of the most important neurotransmitters in 

human and animal bodies. The abnormal decrease of dopamine level in humans is 

normally related to several diseases such as Parkinson, depression or schizophrenia [9-

14]. 

Catechol (CA), 4-methylcatechol (4-MC), 4-ethylcatechol (4-EC) and dopamine (DA) 

molecules possess a common structural base formed by two hydroxyl substituent 

groups on positions 1 and 2 of a benzene aromatic ring. While catechol does not have 

other substituent additional to the hydroxyl groups, 4-methylcatechol (or 4-

ethylcatechol) and dopamine have a methyl (or ethyl) and an ethylamine substituent, 

respectively, in the position 4. In addition to the common electrochemical reactivity 

resulting from the shared catechol moiety, the different substituent in 4-methylcatechol 

and dopamine also affects their oxidation mechanisms. The substituent effect has 

already been studied for some naphtoquinones by using electron paramagnetic 

resonance (EPR) spectroscopy [15]. In addition, catechol, 4-methylcatechol and 

dopamine electrochemical behavior have also been deeply investigated on metallic 

electrodes such as platinum, gold, palladium, aluminium and copper or carbon 

electrodes such as graphite, glassy carbon, boron-doped diamond and tetrahedral 

amorphous carbon electrodes [8, 16-29]. However, there are still several fundamental 

questions that remain open: (i) comprehensive understanding of the electrochemical 
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reactions on different electrode materials is missing, (ii) adsorption behaviour of 

dopamine on various surfaces is not known and (iii) detailed mechanisms of the 

formation of passivating polydopamine films occurring on almost all types of electrode 

surfaces remains unsolved. 

The aim of this article is to perform a comprehensive study of the electrochemical 

reactivity of these three compounds on different electrode materials. In this way, 

polycrystalline gold (Au) and platinum (Pt) metallic electrodes have been used for 

electrochemical characterization and their reactivity compared with a novel tetrahedral 

amorphous carbon (ta-C) electrode material. Given the structural differences between 

the three studied molecules, this paper aims to investigate and rationalize the effect of 

the substituent on the aromatic rings on the rate of electron transfer for each molecule. 

Our paper targets not only to clarify the electron transfer pathways and mechanisms 

that take place in the electrode-solution interphase, but also to identify the nature and 

morphology of electro-adsorbed species on the electrode surface. With this respect, the 

present study differs from those abundant in the literature on the subject, where 

typically one of the above aspects, but not both, has been considered. This aim has been 

addressed by the combined application of different techniques such as cyclic 

voltammetry, Fourier transform infrared reflection absorption (FTIRRAS) and 

attenuated total reflectance (ATR) spectroscopy and scanning tunnelling microscopy 

(STM). Cyclic voltammograms were recorded for the three compounds at different scan 

rates and pH to provide an overview of the complex electrochemical and chemical 

reactions taking place in the system. On the other hand, spectroscopic data provided 

further information on the effect of the pH, the nature of the substituent and the effect 

of substrate on the reactivity of these molecules. Together, these studies verify the 

assumptions about the existence of dopamine or dopamine-derivative adsorbed species 

on the different electrode surfaces. Finally, scanning tunnelling microscopy 

experiments provided in-depth information about the distribution of dopamine 

molecules on the electrode surface as well as their accumulation as a function of 

electrode potential cycling. Thus, the present investigation provides, for the first time, a 

complete view of catechol, 4-methylcatechol and dopamine oxidation reaction on 

different electrode materials and pH conditions.  

2 Experimental 
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Cyclic voltammetry experiments were performed using a conventional electrochemical 

cell composed of three electrodes. Gold and platinum polycrystalline and tetrahedral 

amorphous carbon electrodes were used as working electrodes, while Ag/AgCl(KCl 

saturated) and a gold wire were used as reference and counter electrodes, respectively. 

Gold and platinum electrodes were annealed in a Bunsen flame and quenched in water. 

Fabrication of the ta-C thin film electrodes is described in detail in [30]. ta-C electrodes 

were thoroughly rinsed with water before use. A µAutolab Type III was used for 

potential control. The pH 7.2 phosphate electrolyte buffer solution was prepared from 

NaH2PO4 and Na2HPO4 (Sigma-Aldrich), dissolving the appropriate quantities in 

ultrapure water (Ultra ElgaPurelab, 18.2 MΩ cm). Total phosphate concentration was 

kept equal to 0.1M. Phosphate buffer solutions (PBS) of pH 10.8 were prepared by 

mixing 0.05 M Na2HPO4 and 0.1 M NaOH. Additional experiments were performed in 

0.5 M H2SO4 (pH 0.65) solution (from Merck Suprapur). Electrochemical 

measurements were performed in freshly prepared 1mM dopamine (Alfa Aesar, 99 %), 

catechol (Sigma-Aldrich), 4-methylcatechol and 4-ethylcatechol (Sigma-Aldrich) 

solutions. Prior to each experiment, the solution was deoxygenated during 10 or 15 

minutes by bubbling argon (N50). During cyclic voltammetric measurements, oxygen 

presence was avoided by keeping an inert argon atmosphere over the electrolyte 

solution. All experiments were performed at room temperature and the pH of the 

electrolyte buffer solutions was measured using a Crison 507 pH meter. 

Fourier transform infrared spectroscopy experiments (FTIR) were performed with a 

Nicolet 8700 spectrometer using a MCT detector, and a spectroelectrochemical cell 

with a similar configuration to the one employed for the cyclic voltammetric 

measurements. The bottom of the cell was provided by a CaF2 prism with a 60 degrees 

angle. Spectra were collected with a resolution of 8 cm
-1

, using light with both p and s 

polarization and plotted in absorbance mode: 

      
       

    
   (1) 

Spectroscopic measurements were done in both 0.1 M HClO4 (Merck Suprapur) and 

0.1 M sodium phosphate buffer solutions. 

Internal reflection infrared spectroscopy experiments (ATR) were performed using as 

working electrode a 25 nm-thick gold film deposited on a silicon prism by thermal 

evaporation in a vacuum chamber of a PVD75 coating system (Kurt J. Lesker Ltd.) 
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equipped with a turbo molecular pump. Pressure in the deposition chamber before the 

deposition was ca. 10
−6 

Torr. The deposition rate was 0.006 nm s
-1

, and the film 

thickness was monitored with a quartz crystal microbalance. ATR experiments were 

performed after formation of a polydopamine film by cyclic voltammetry both in the 

presence of deuterium oxide and under dry conditions. 

STM experiments were performed with either a PicoScan (Molecular Imaging) or a 

Nanoscope E (Digital Instruments) scanning tunnelling microscope. In situ STM 

measurements were collected inside of a wood chamber, in order to avoid external 

vibrations that could distort the image. STM cell configuration was composed by a 

Au(111) single crystal as working electrode. Platinum wires served as counter and 

pseudo reference electrodes. The STM tips were mechanically cut Pt/Ir wires. 

Dopamine STM experiments were done to characterize dopamine adsorption and 

polymerization. Polydopamine layers were deposited by potential cycling on a Au(111) 

electrode immersed in a sodium phosphate buffer solution pH 7.2 containing 1 mM 

dopamine concentration. After dopamine deposition, the electrode was transferred to 

the STM chamber and the images were obtained at open circuit in air. STM image data 

were collected in constant height mode. 

3 Results and discussion. 

3.1 Voltammetric characterization. 

Catechol and 4-methylcatechol on Pt, Au and ta-C electrodes. 

Figure 1 shows the characteristic cyclic voltammogram of a polycrystalline platinum 

electrode in the presence of 1 mM catechol at 50 mVs
-1 

using three solutions of 

different pH. In all cases, a well-defined redox couple is observed, corresponding to 

catechol oxidation to the corresponding orthoquinone. In the case of 4-MC, similar 

oxidation and reduction peaks are observed although at slightly different potential 

values (see Supporting Information, Figure S1). The evolution of peak height and 

potential with scan rate for catechol redox peaks on Pt is summarized in table 1. 

(Similar data for 4-MC is given in table S1). The different height of anodic and 

cathodic peaks and the increase of the cathodic peak as the scan rate increases agree 

with the existence of a chemical step after the main oxidation process. This is reflected 

in the values of the ratio between cathodic and anodic peak current that, in most cases, 
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deviates from unity, especially at pH 10.8 and low scan rates. In fact, at pH 10.8 the 

reduction peak is almost undetectable at scan rates below 50 mVs
-1 

for both catechol 

(Figure 1C) and 4-methylcatechol (Figure S1-C). For both molecules, the oxidation 

process is followed by either a water nucleophilic attack that generates hydroxylated 

species or by dimerization or polymerization reactions [31-33]. Such side reactions 

produce the depletion from the solution of the oxidation product (the corresponding 

quinone), resulting in a decrease of the corresponding cathodic peak, especially 

noticeable at the most alkaline pH. 

Table 1 summarize the data for the change of peak potential (ΔEp) with the scan rate in 

the case of catechol (corresponding data for 4-methylcatechol is in table S1) on 

platinum electrodes. These data indicates that ΔEp becomes larger with the increase of 

the scan rate for all the pH conditions. The same behaviour was observed for ta-C 

electrodes [34].  This indicates a quasireversible or irreversible behaviour. In all cases, 

the largest peak potential separation is observed in neutral pH, while smaller values for 

Ep are measured in both acid and alkaline solutions, evidencing the importance of pH 

in the catalysis of the electrochemical process. The effect of pH on the consecutive 

transfer of two H
+
 and two e

-
 (QH2  Q + 2H

+
 + 2e) has been analyzed in the past 

using a 9 members square mechanism [35, 36]. There is an ample number of possible 

behaviours and pathways, depending on the relative values of pH,  pKi and intermediate 

rate constants. At very acidic solutions, the first electron transfer (QH2  QH2
+
 + e) 

might precede the deprotonation step, while at neutral solutions the electron transfer 

takes place on the deprotonated species (QH
-
) , resulting on a neutral radical species 

that can proceed through a second deprotonation, followed by a second electron 

transfer. Under very alkaline conditions, a second deprotonation may antecede the first 

electron transfer, resulting in a Q
2-

 charged species. Similar behavior to the one 

reported here (faster apparent rate constant at acidic or alkaline conditions) has been 

reported before for the reduction of hydroquinone [35]. 
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For both catechol and 4-MC (and it will be shown later the same behaviour for 

dopamine), a decrease of the peak current indicates the accumulation of blocking 

species on the surface of the electrode, most likely from the polymerization of the 

oxidation products. Both, initial current and the rate of its decrease are very sensitive to 

the pH of the solution (see supporting information for a plot of peak currents as a 

function of the number of potential cycles, figures S2 and S3). In general, higher 

currents are registered in alkaline pH but also higher passivation rate is observed in this 

case. On the contrary, the lower passivation rate is observed for the neutral pH, where 

the height of the peak is also lower. In general, peak currents are much lower than those 

predicted by Randles-Sevcik equation, indicating that the surface is already partially 

blocked from the beginning. Careful inspection of Figure 1 indicates that most of the 

decrease of peak current is due to the decrease of the overlapping current that takes 

place at high potentials, most likely due to the oxidation of the reaction products 

formed after the hydrophilic attack or the polymerization step. In this way, first cycle 

always features a tilted base line that gradually disappears with the increasing number 

of cycles.  

With both catechol and 4-methylcatechol, higher scan rates and lower pH values reduce 

the extent of fouling of the electrodes as can be concluded from the evolution of the 

oxidation current as a function of these variables. The faster surface blocking at high 

pH indicates that the coupled chemical reactions occur to a greater extent under these 

experimental conditions. This is due, among other factors, to the higher amount of 

deprotonated species that favours the hydroxylation. 

Peak separation for catechol and 4-methycatechol also increases with potential cycling 

indicating that the fouling of the surface not only decreases the height of the peak, but 

also hinders the overall rate of the reaction. The increase in ΔEp is more pronounced in 

acidic media than in neutral or basic pH (Figure S5 and S6). Comparison of the 

increase of peak potential for both molecules under the same pH conditions indicate 

that ΔEp values are much lower in the case of 4-methylcatechol than for catechol. This 

results support the initial hypothesis described in references [37, 38], which indicate 

that both electron donor capacity and steric impediments, generated by the existence of 

a methyl side chain on the aromatic skeleton, facilitate the 4-methylcatechol oxidation 
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process on platinum electrodes. Regarding the steric impediments, it is possible that the 

methyl side chain impedes the formation of a compact adlayer of adsorbed products 

that decreases the rate of electron transfer as in the case of catechol. 

Voltammetric peaks for catechol (Figure 2) and 4-methylcatechol (Figure S7 in 

suporting information) oxidation on gold are better defined and more reversible than in 

the case of platinum. Both the peak potential and the shift with the pH are very similar 

for both molecules on the two electrode materials, indicating that oxidation-reduction 

mechanism for both compounds is the same. As described before, part of the oxidized 

species is consumed in a chemical step that follows the main electron transfer, resulting 

in a reduction of the associated cathodic peak. 

The main difference between gold and platinum is that the voltammetric profile on the 

former remains essentially unchanged even after prolonged cycling. This behavior, 

together with only a slight drop in the current density recorded at pH 10.8 suggest less 

fouling by catechol and 4-methylcatechol on gold than on platinum (or ta-C) electrode 

surfaces. As there are no drastic differences in Ired/Iox ratios (compare tables 1 and S1 

with tables S2 and S3) between the two electrode materials, especially at pH 7.2 and 

higher, the extent of the chemical reaction is similar for both materials (as expected for 

a homogeneous chemical reaction) and the different behavior is just due to a different 

extend in the adsorption of reaction products. While ΔEp for oxidation of both 

molecules on gold slightly increases with the scan rate in the three pH media, the main 

difference with platinum is that ΔEp on gold remain practically constant during cycling.  

 

Dopamine on Pt, Au and ta-C electrodes 

Figures 3 and 4 describe the typical cyclic voltammetric profiles for platinum and gold 

electrodes in the presence of 1 mM dopamine. These voltammograms show a main 

redox process very similar to the one observed for catechol and 4-methylcatechol. In 

addition to the main redox couple observed at high potential, a second redox couple at 

lower potentials is observed for both electrodes in neutral and basic media. These 

voltammetric features for dopamine on platinum and gold are consistent with an 

electrochemical mechanism in which dopamine oxidation process at high potentials, 

resulting in dopamine o-quinone, is followed by a pH-dependent Michael addition 

reaction (in the aromatic ring positions 1 and 4), producing a cyclized product called 

leucodopaminechrome [39-46]. This chemical reaction is followed by a second 
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oxidation process, either chemical or electrochemical [47], resulting in the formation of 

5, 6-dihydroxyindoline quinone (see table 2). In the cathodic scan, dopamine o-quinone 

reduction takes place regenerating the dopamine. Finally, the second redox pair at low 

potentials has been assigned to the reduction of 5, 6-dihydroxyindoline quinone (or its 

corresponding tautomeric compound called dopaminechrome) to form 

leucodopaminechrome (the relation between different tautomers is summarized in 

scheme S1). 

Analysis of the pH dependence of the oxidation peak (as registered on the first cycle) 

indicates the existence of different reaction mechanisms or pathways depending on the 

solution pH. In the presence of dopamine, values of the oxidation current for both gold 

and platinum become higher as the solution pH increases (Figure 5 and 6). In fact, the 

positive current registered at neutral pH is approximately twice of the current registered 

in acid media. Similarly, the anodic peak current also increases from neutral to basic 

pH although in this case the recorded increase is smaller. These trends can be 

rationalised in agreement with Randles-Sevcik equation that predicts a value of peak 

current proportional to the number of transferred electrons. At low pH, the open-chain 

dopamine-quinones are protonated to a great extent, and the chemical-cyclization 

reaction is unfavorable.  Under these conditions, only two electrons are transferred 

during the dopamine (0) oxidation to the corresponding dopaminequinone (+2).  For 

this reason, no peaks are registered at low potential values in acid media, Figure 3 and 4 

A. Meanwhile, at higher pH values, the majority of the dopamine-quinone molecules 

are unprotonated, thus favoring the cyclization reaction. Therefore, in neutral pH two 

additional electrons are generated after the chemical step in a subsequent oxidation 

process that gives rise to the dopaminechrome species (+4). Finally, in basic media an 

additional oxidation step leads to the formation of 5,6-indolequinone (+6) from 

dopaminechrome or its tautomeric compound 5,6-dihydroxyindole.   

Similarly to what has described above for catechol and 4-MC, the ratios between 

anodic and cathodic peak currents for dopamine on gold and platinum are far from 

unity for all the scan rates, revealing the existence of coupled homogeneous reactions 

that can be attributed to the chemical-cyclization reaction that follows the main 

oxidation process [48-50].  
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Regarding the peak separation, ΔEp for dopamine on platinum and gold electrodes 

increases with the scan rate in acid, neutral and basic media (see tables 3 and S4). The 

variation of ΔEp  with pH follow the same trends previously described for CA and 4-

MC, with the highest ΔEp obtained at pH 7.2, followed by H2SO4 and pH 10.8, 

respectively (at 50 mVs
-1

 and pH 10.8 no dopamine reduction peak is detected, thus no 

values for dopamine ΔEp can be determined). A similar trend was also observed on ta-C 

electrodes [34]. As discussed above, this can be rationalized using the 9 member square 

mechanism. However, in this case the situation is more complex given the multiple 

tautomeric equilibriums (see scheme S1) that give place to the formation of a large 

number of possible reaction intermediates as a function of pH.  

We describe now the time evolution of voltammetric peaks in the case of dopamine. A 

decrease in the oxidation peak as the number of cycles increases for all the scan rates at 

neutral or higher pH is seen with both Pt and Au (Figure 5 and 6). Blockage of 

platinum and gold surfaces proceeds faster at low scan rates and/or in solutions with 

high pH (Figure 5 and 6, respectively). Besides, low scan rates produce the distortion of 

the dopamine redox peaks giving rise to a current plateau after the peak. It has been 

described before that the 5,6-dihydroxyindole molecule is an intermediate in the 

formation of a polydopamine film, which is most likely responsible for the decrease of 

the peak current observed during potential cycling [51].  

The time evolution of ΔEp can be seen in figures S5 and S6. In the case of gold, the 

peak potential separation (ΔEp) does not change with potential cycling in acid media, 

whereas in neutral solutions a small increase of the peak potential separation with the 

number of cycles, which becomes greater with increasing the scan rate, is detected. 

(Trends described above for the three studied molecules, catechol, 4-methylcatechol 

and dopamine, as a function of scan rate and the solution pH and for the different 

studied electrodic materials are summarized in table S5). 

 

3.2 FTIR and ATR characterization  

In order to complement further the investigation on catecholamines oxidation, IR 

spectroscopic data were recorded as a function of the electrode potential. In situ 

absorbance spectra for dopamine using Pt single crystal electrodes at neutral pH 

conditions have been already described in [47]. However, while the emphasis in the 
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previous paper was to identify the nature of adsorbed species on the surface of the 

platinum single crystal, the present manuscript attempts a more detailed description of 

the products of the main oxidation reaction on the different materials and pH of the 

solution. 

Catechol on Pt(111) 

To investigate the role of ethylamine substituent on the aromatic benzene structure, 

catechol spectroscopic behavior was recorded in acid and neutral media. Measurements 

in the presence of catechol were performed using a reference and a sample potential of 

0.4 and 0.9 V vs RHE (reversible hydrogen electrode), respectively. The spectra shown 

in Figure 7 is obtained by subtracting spectra collected at 0.4 V as reference from the 

spectra collected at 0.9 V as sample. Thus, positive bands correspond to the products of 

the oxidation while negative bands to the consumption of initial catechol present on the 

thin layer. Figure 7A collects in situ infrared absorption spectra for Pt(111) single 

crystal in a 3mM catechol solution in 0.1M HClO4 in D2O. Figure 7B shows the 

spectroscopic results in an aqueous sodium phosphate buffer solution, pH 7.2, in the 

presence of 20 mM catechol with the same electrode. Spectroscopic measurements in 

acid media were recorded in deuterium water (D2O) to avoid the HOH bending 

interference from water around 1600 cm
-1

. Similar bands are observed in both aqueous 

and deuterated media. Features recorded at 1516, 1473, 1414, 1375 and 1275 cm
-1

 are 

detected in aqueous conditions. By contrast, in deuterated water catechol bands appear 

at 1504, 1457, 1414 and 1275. All the mentioned bands are observed using both p and s 

light. By monitoring the change of negative bands around 1516, 1473 and 1275 cm
-1 

it 

is possible to follow the consumption of bulk-solution catechol species. Band at 1275 

cm
-1

 is assigned to the stretching of catechol C-OH group, while signals recorded 

around 1470 and 1516 cm
-1

 correspond to the C-C bond stretching coupled to the CH 

ring bending mode [25, 52, 53]. Positive bands around 1650-1700 cm
-1

 are in the region 

of carbonyl groups and therefore can be attributed to the formation of the quinone. 

Assignment of the main bands observed in the spectra for catechol oxidized and 

reduced species are collected in table 4. 

Dopamine on Pt(111) 

Figure 8A shows the in-situ absorbance spectra for a Pt(111) electrode immersed in a 

20 mM dopamine solution in 0.1 M HClO4, while figure B shows similar spectroscopic 
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results recorded at neutral pH in sodium phosphate buffer. Other experimental 

conditions are similar to those described above for catechol.  

The main negative bands are detected at 1522, 1450, and 1289 cm
-1 

both in neutral and 

acid media. The two at higher wavenumbers corresponds to aromatic C-C stretching 

while the latter corresponds to the COH stretching [54, 55]. The observation of the 

latter signals indicates the disappearance of OH groups due to the formation of the 

corresponding dopaminechrome. On the other hand, the positive band observed at 1558 

cm
-1 

can be assigned to the stretching of aromatic CC bonds in the oxidized molecule. 

Additionally, the other two positive bands at 1428 and 1321 cm
-1

 are usually taken as 

indication of the presence of compounds with indoline structures formed after the 

dopamine oxidation-reduction process and the subsequent chemical reaction. These 

bands have been previously assigned to the C=N
+
-C (1428 cm

-1
) and C-C (1321 cm

-1
) 

bonds in the indoline backbone, respectively. In this paper we propose a new 

assignment for the band at 1321 cm
-1 

based on both  voltammetric and spectroscopic 

results collected at different pH conditions for dopamine behavior on Pt(111) electrodes 

(Figure 5 (A, B) and Figure 8 (A, B)). The absence of a redox peak in the potential 

range between 0 and 0.4 V in acid conditions indicates that the cyclized product 5,6-

dihydroxyindoline quinone is not formed under these conditions. This precludes the 

assignment of the upward band at 1321 cm
-1 

to the indoline skeleton C-C stretching. 

Moreover, comparison of spectroscopic results for catechol and dopamine reveals the 

absence of the 1321 cm
-1

 band in the case of catechol. For these reasons, we ascribe this 

band to the CH2 in-plane bending of the ethyl substituent in the hydroxylated aromatic 

ring structure of dopamine [56]. The observation of similar bands in the case of 4-

etlhylcatechol (Figure 9) support this assignment. Table 5 collects the main bands 

observed in the spectra for dopamine oxidized and reduced species. 

 

Polydopamine formation of Au in PBS 

According to the voltammetric results presented above and STM data (see below), it is 

rather clear that gold electrodes are partly passivated after some voltammetric sweeps 

in the presence of dopamine at pH 7.2. To learn more about the polymerization process, 

ATR experiments were carried out on a thin gold film deposited on a silicon prism (as 

described in the experimental section). To form the corresponding polydopamine film 
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over the gold surface, a 20 mM dopamine sodium phosphate buffer solution was added 

into the spectroelectrochemical cell and several cycles were recorded until the complete 

disappearance of dopamine redox peaks. Then, the solution was removed and the 

polydopamine modified gold electrode was dried under argon flow. A spectrum 

collected with the dry gold film before polydopamine deposition was employed as 

reference. The resulting spectrum is shown in figure 10 while table 6 summarizes the 

assignment of the main bands. 

Most of the bands collected in Figure 10 coincide with the bands reported for 

polydopamine deposited on template stripped gold electrodes [51]. These results 

provide further evidence that after the cycling process, a polymer film layer, mainly 

composed of polydopamine, passivate most of the working electrodes surface area. 

Positive bands around 1600 and 1450 cm
-1

 correspond to the aromatic ring C=C bond 

stretching mode, while signals recorded at 1535 and 1374 cm
-1 

wavenumbers are 

referred to the υring (C=N) and the υ (C=N
+
-C), respectively. The previous assignment 

implies that leucodopaminochrome formed after the chemical step is oxidized in a 

second electron transfer process yielding the corresponding dopaminechrome. The 

detection of the latter two signals supports the idea of having a passivating layer 

integrated by aromatic compounds with amine groups and 5,6-dihydroxyindoline or 

5,6-indolequinone species. A similar explanation was also given by Zangmeister et al 

[51]. The upward peak around 1718 cm
-1

 is associated with the quinone C=O groups 

formed during the polymer deposition on the electrode. Spectroscopic signals around 

3400 and 3300 cm
-1

 are characteristic of the N-H stretching mode, υ (N-H), of primary 

and secondary amine groups suggesting the existence of non-oxidized or non-cyclated 

dopamine molecules. Finally, bands at 2955, 2924 and 2855 cm
-1

 demonstrate the 

existence of aliphatic carbon groups in the thin polymer layer. 

Further research in this area include ATR experiments recorded in the presence of a 

dopamine free sodium phosphate buffer solution (Figure 11) using a -0.5 V sample 

potential value after formation of a polydopamine film on the electrode surface. Before 

measurements, blank spectra were collected at -0.5 V (vs Ag/AgCl) using both p and s 

polarized light, with a resolution of 8 cm
−1

. Then, dopamine in a 20 mM concentration 

was added into the spectroelectrochemical cell. The accumulation of (poly)dopamine 

on the electrode surface and its subsequent polymerization was promoted by potential 

cycling between 0.6 and -0.6 V until a constant oxidation current was reached. Later, 
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dopamine solution was removed and replaced with fresh sodium phosphate buffer 

solution. 

In this case, dopamine polymer shows only one main band at 1228 cm
-1

 . This band is 

recorded only with p light, suggesting its assignment to adsorbed species. The 1228 cm
-

1 
band is assigned to the out-of-plane deformation of C-O-C with p-  conjugation and 

its detection signals the formation of a polyindole thin film [57-59]. The spectrum 

collected with s-polarized light shows one negative band at 1450 cm
-1

. Negative bands 

correspond to species present at the reference potential and therefore cannot be 

assigned to dopamine related products. Most likely this band is due to the interference 

of partially deuterated water molecules. Absence of clear positive bands in the spectrum 

with s polarized light suggest that no dopamine molecules are dissolved back into the 

fresh buffer from the passivating film. 

 

3.3 STM-Dopamine characterization  

Figure 12 A shows an STM image of the unreconstructed Au(111)-(1x1) annealed 

surface. Au(111) image exhibits large and well-defined terraces separated by different 

monoatomic steps [60, 61]. Figures 12(B-D), (E-H) and (I-K) collect different Au(111) 

STM images for dopamine modified gold surface after an increasing number of 

voltammetric adsorption cycles, using scan sizes of 200x200, 100x100 and 50x50 nm
2
, 

respectively.  

Images show deposited dopamine or dopamine derivatives on Au(111) electrode after 

different cyclic voltammetric experiments (Figure S8 in supporting information 

summarize the electrochemical experiments with the STM sample in a conventional 

electrochemical cell). Comparison of gold blank and gold-dopamine images after the 

voltammetric experiment, demonstrates that many bright spots appear over the 

electrode surface after the cycling process. Those bright spots are attributed to the 

patches of adsorbed molecules over the electrode surface after dopamine 

electrochemical polymerization process. According to the images, the increase of the 

number of cycles also increases the spot size. Interestingly, the spots are regularly 

distributed on the surface leaving significant portions uncovered. However, we cannot 

discard from this image the existence of a continuous film of one or few monolayers 

covering the whole surface above which the polymer ‘granules’ grow. Moreover, these 

 

B 
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STM results are also corroborated by dopamine ATR experiments in dry conditions, 

where the formation of a polydopamine film on gold electrodes after the 

electrochemical absorption process was clearly demonstrated.  

Table 7 summarizes heights and sizes of the clusters depending on the number of 

voltammetric cycles carried out. Comparison of the average height values of the spots 

with typical values of distances in  stacking of aromatic molecules [62] suggests 

that molecules lie flat on the surface and thickness of the polymer layer is no more than 

two or three layers.   

Finally, as gold showed least amount of fouling in CV experiments it can be expected 

that the formation of these types of structures would be more extensive on platinum and 

ta-C electrode surfaces. 

 

4 Conclusions 

Voltammetric results described above demonstrate that, among the different materials 

tested, gold is the electrode that experiences the least intensive fouling process during 

or after potential cycling in the presence of catechol, 4-methylcatechol and dopamine. 

Therefore, we conclude that gold is also the most active electrode material towards the 

oxidation of these three compounds. Moreover, comparison of the gold voltammetric 

profiles with those obtained using platinum or ta-C electrodes indicates that peaks are 

better defined and clearer in the first case. From the voltammetric analysis it can be 

concluded that the lower ∆Ep is also obtained on gold substrates suggesting a higher 

“reversibility” for those redox processes on gold in comparison with platinum or ta-C 

electrodes. In glassy carbon (GC), which is among the more common materials 

employed for catecholamine electroanalytical investigation, the electron transfer rate is 

faster for all the studied molecules in comparison with Pt or ta-C. However, comparing 

GC with Au, reaction rate is faster on Au for CA and MC, while similar rate is 

observed for DA. Moreover, as pointed out previously [36, 63], reaction rate on GC is 

very dependent on the exact chemical nature of the electrode surface and therefore this 

behaviour may depend on the pretreatment of the electrode. On the other hand, the 

chemical nature of the electrode surfaces employed in this study is well known and 

perfectly reproducible. Another important conclusion is that, as a general trend, rate of 
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reaction for the three molecules investigated is faster in acid or alkaline solutions, in 

comparison with the neutral pH. 

Spectroscopy results on gold films allow characterizing both the solution and the 

adsorbed species on or near the electrode surface for each molecule and support the 

existence of a dopamine or dopamine-derivative adsorption layer that cover most of the 

electrode active area as was indicated by the voltammetric results. Careful comparison 

of voltammetric and spectroscopic data of the related molecules catechol, 4-

ethylcatechol and dopamine leads us to reconsider the assignment of one of the bands 

in the spectra of oxidised dopamine. Further, STM results provided the direct visual 

proof that after potential cycling in the presence of 1 mM dopamine neutral solution, 

different molecules become adsorbed on the surface since several spots, randomly 

distributed over the electrode surface are observed. In addition, spot sizes are higher as 

the number of cycles recorded becomes higher. Thus, an increase of the number of 

cycles produces a decrease in the available electrode area. Finally, this manuscript 

clearly points out the synergy of cyclic voltammetry, infrared spectroscopy and STM 

experiments. In this way, the electrode fouling indicated (for all the studied molecules) 

by the cyclic voltammetry technique (with the numbers of cycles) has been also proved 

by the spectroscopic characterization and in case of dopamine by the STM imaging of 

the polydopamine layer extended on the electrode surface. 
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Figure Captions: 

Figure 1. Cyclic voltammetric behavior of CA on Pt in  H2SO4 pH 0.65(A), sodium 

PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs
-1

. 

Figure 2. Cyclic voltammetric behavior for CA on Au in  H2SO4 pH 0.65 (A), sodium 

PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs
-1

. 

Figure 3. Cyclic voltammetric behavior for DA on Pt in  H2SO4 pH 0.65 (A), sodium 

PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs
-1

. 

Figure 4. Cyclic voltammetric behavior for DA on Au in  H2SO4 pH 0.65 (A), sodium 

PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs
-1

. 

Figure 5. Cyclic voltammetric behavior of DA on Pt in  H2SO4, sodium PBS 

 pH 7.2 and pH 10.8 at 100 mVs
-1

 (A, B, C) and 10 mVs
-1

 (D,E,F). 

Figure 6. Cyclic voltammetric behavior of DA on Au in  H2SO4 pH 0.65, sodium PBS 

pH 7.2 and pH 10.8 at 100 mVs
-1

 (A, B, C) and 10 mVs
-1

 (D, E, F). 

 

Figure 7. In situ absorbance spectra obtained for a Pt(111) electrode immersed in A) 3 

mM CA + 0.1 M HClO4 solution in deuterium oxide water (D2O) and B) 20 mM CA 

aqueous 0.1 sodium PBS pH 7.2. Eref = 0.4 and Esample= 0.9 V. 200 interferograms were 

collected at each potential with a resolution of 8 cm
-1

 and p or s polarized light. 

Figure 8. In situ absorbance spectra obtained for a Pt(111) electrode immersed in a 20 

mM DA aqueous: A) 0.1M HClO4 and B) sodium PBS pH 7.2. Eref = 0.4 and Esample= 

0.9V. 200 interferograms were collected at each potential with a resolution of 8 cm
-1

 

and p or s polarized light. 

Figure 9. In situ absorbance spectra obtained for a Pt(111) electrode immersed in a 20 

mM 4-EC aqueous 0.1 sodium PBS pH 7.2. Eref = 0.4 and Esample= 0.9V. 200 

interferograms were collected at each potential with a resolution of 8 cm
-1

 and p or s 

polarized light. 

Figure 10. ATR of polydopamine adsorbed on a thin gold layer after potential cycling 

in a dopamine solution at pH 7.2, in dry conditions,100 scans and 8 cm
-1

. Spectra were 

collected with p-polarized light. 

Figure 11. ATR of DA adsorbed on a thing gold layer after cycling in a sodium PBS 

(D2O) containing, 100 scans and 8 cm
-1

. p-polarized and s- polarized light, as indicated. 

Figure 12. STM images of adsorbed DA or DA-derivative molecules over Au(111) in 

air under open circuit conditions. A) Au(111)-(1x1) substrate prior to dopamine 

adsorption. Scan Size: 100 x 100 nm
2
. B) to D) Scan size: 200 x 200 nm

2
: B) 2 cycles. 

C) 10 cycles and D) 50 cycles.. E) to H) Scan size: 100 x 100 nm
2
:
 
E) 2 cycles. F) 10 

cycles G) 25 cycles and H) 40 cycles. I) to K) Scan size: 50 x 50 nm
2 

  I) 2 cycles. J) 10 

cycles and K) 25 cycles. Ebias 100 mV. Isetpoint: 800 pA. 
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Tables: 

Scan 
rate 

(mVs-1) 
Cycle # 

H2SO4 (pH 0.65) PBS (pH 7.2) PBS (pH 10.8) 

ΔEp(mV) Ired/ Iox ΔEp(mV) Ired/ Iox ΔEp(mV) Ired/ Iox 

10 1  97 (108)** 0.27 157(146)** 0.78 * * 

20 1  117 (131)** 0.46 163(166)** 1.00 * * 

50 1 (10) 141(154) 0.25 196(231) 0.93 120(71) 0.03 
100 1 (10) 145(175) 0.2 219(250) 0.43 99(77) 0.05 
200 1 (10) 173(205) 0.23 * * 106(99) 0.10 
500 1 (10) 204(259) 0.25 324(448) 0.56 130(134) 0.28 

1000 1 (10) 254 (308) 0.33 366(478) 0.71 167(171) 0.44 

* Not available 
**Cycle 5 (10 mVs-1) and Cycle 5 (20 mVs-1) in 0.5 M H2SO4. Cycle 3 (10 mVs-1) and Cycle 4 (20 mVs-1) in PBS (pH7.2) 

Table 1. Peak potential separation (ΔEp) and peak current ratio (Ired/Iox) for 1 mM catechol (CA) in H2SO4 

(pH 0.65), sodium PBS pH 7.2 and 10.8 on Pt electrodes. 

 

Charge (0) Charge (+2) Charge (+4) Charge (+6) 

 
 

 

 
 

 

 
 

 

 
 

 
Dopamine Dopaminequinone Dopaminechrome 5,6-indolequinone 

 

  

 

 Leucodopaminechrome 
5,6-Dihydroxyindoline 

5,6-Dihydroxyindoline 
quinone 

 

  

 

 

  Dihydroxyindole  

 

Table 2. Chemical structure of different oxidation products of DA. 
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Scan 
rate 

(mV/s-1) 
Cycle # 

H2SO4 (pH 0.65) PBS (pH 7.2) 

ΔEp(mV) Ired/ Iox ΔEp(mV) Ired/ Iox 

10 1  70(90)** 0.35 145(82)** 0.09 
20 1  78(97)** 0.57 164(126)** 0.15 
50 1 (10) 102(117) 0.38 196(236) 0.36 

100 1 (10) 126(137) 0.32 199(247) 0.36 
200 1 (10) 183(191) 0.5 148(227) 027 
500 1 (10) 201(208) 0.5 199(258) 0.46 

1000 1 (10) 220(225) 0.5 219(298) 0.71 

**Cycle 4 (10 mVs-1) and Cycle 5 (20 mVs-1) in H2SO4 0.5M and PBS pH 7.2 

Table 3. Peak potential separation (ΔEp) and peak current ratio (Ired/Iox) for 1 mM DA in H2SO4 (pH 0.65) 

and sodium PBS pH 7.2 on Pt electrodes. 

 

 

Wavenumber (cm
-1

)  
H2O (D2O) 

Assignment References 

Reduced (negative bands)   

(1598) Ring C-C stretching  [47] 
1516(1504) Ring C-C stretching and CH bending [17, 47, 48] 
1473(1457) Ring C-C stretching and CH bending [17, 47, 48] 
1275(1275) C-OH stretching and CH ring bending [17, 47, 48] 

Oxidized (positive bands)   

1582(1670-1690) C=O [17] 
1414(1414)   
1390(-)   

 

Table 4: Assignment of the main bands observed in the spectra for catechol in the oxidized and reduced 

state 

 

Wavenumber (cm
-1

)  Assignment References 

Reduced (negative bands)   

1522 Ring C-C stretching  [49, 50] 
1450 Ring C-C stretching and CH bending [49, 50] 
1289 C-OH stretching  [49, 50] 

Oxidized (positive bands)   

1558 Aromatic C-C stretching (indoline quinone) [49, 50] 
1428 C=N

+
-C bond [49, 50] 

1407 Ring C-C stretching and CH bending This work 
1321 CH2 bending This work,  

 

Table 5: Assignment of the main bands observed in the spectra for dopamine in the oxidized and 

reduced state 
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Wavenumber / cm
-1

 Functional group Assignment  

3400,3300 υ (N-H), υ (O-H) 
2955,294, 2855 υ (C-H) 

1718 υ (C=O) 
1610 υring (C=C) 
1535 υring (C=N) 
1450 υring (C=C) 
1374 υ (C=N

+
-C) 

 

Table 6. ATR bands of polydopamine deposited on a thin-gold layer electrode. 

 

 

 

 

Number of Cycles Scan Size/ nm Size/ nm Height/ nm 

 
2 

200 6.3 0.19 

100 6.1 0.19 

50 6.4 0.2 

 
10 

200 7.9 0.24 

100 7.3 0.25 

50 7.5 0.21 

 
25 

200 10.6 0.26 

100 10.2 0.29 

50 10.1 0.26 

 
40 

100 11.6 0.3 

100 11.8 0.3 

 
50 

200 12.9 0.39 

200 12.2 0.36 

 

Table 7. Average size and height of the adsorbed DA derivatives spots for each different cyclic 

voltammetric cycles employed. 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Figures:

0.0 0.4 0.8

-400

-200

0

200

400

600

800

1000

-0.4 0.0 0.4 0.8
-300

-200

-100

0

100

200

300

400

-0.8 -0.4 0.0 0.4
-200

0

200

400

600

800

1000

 

 
j/ 

µA
 c

m
-2

E vs.(Ag/AgCl) / V 

A  H
2
SO

4 
pH 0.65 PBS pH 7.2B

 Cycle 1
 Cycle 2
 Cycle 3
 Cycle 4
 Cycle 5
 Cycle 6
 Cycle 7
 Cycle 8
 Cycle 9
 Cycle 10

 
E vs.(Ag/AgCl) / V 

PBS pH 10.8C

 

 

E vs.(Ag/AgCl) / V 

 

Figure 1. Cyclic voltammetric behavior of CA on Pt in  H2SO4 pH 0.65(A), sodium 
PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs-1. 
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Figure 2. Cyclic voltammetric behavior for CA on Au in  H2SO4 pH 0.65 (A), sodium 
PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs-1. 
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Figure 3. Cyclic voltammetric behavior for DA on Pt in  H2SO4 pH 0.65 (A), sodium 
PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs-1. 
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Figure 4. Cyclic voltammetric behavior for DA on Au in  H2SO4 pH 0.65 (A), sodium 
PBS pH 7.2 (B) and pH 10.8 (C) at 50 mVs-1. 
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Figure 5. Cyclic voltammetric behavior of DA on Pt in  H2SO4, sodium PBS 
 pH 7.2 and pH 10.8 at 100 mVs-1 (A, B, C) and 10 mVs-1 (D,E,F). 
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Figure 6. Cyclic voltammetric behavior of DA on Au in  H2SO4 pH 0.65, sodium PBS 
pH 7.2 and pH 10.8 at 100 mVs-1 (A, B, C) and 10 mVs-1 (D, E, F). 
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Figure 7. In situ absorbance spectra obtained for a Pt(111) electrode immersed in A) 3 
mM CA + 0.1 M HClO4 solution in deuterium oxide water (D2O) and B) 20 mM CA 
aqueous 0.1 sodium PBS pH 7.2. Eref = 0.4 and Esample= 0.9 V. 200 interferograms were 
collected at each potential with a resolution of 8 cm-1 and p or s polarized light. 
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Figure 8. In situ absorbance spectra obtained for a Pt(111) electrode immersed in a 20 
mM DA aqueous: A) 0.1M HClO4 and B) sodium PBS pH 7.2. Eref = 0.4 and Esample= 
0.9V. 200 interferograms were collected at each potential with a resolution of 8 cm-1 
and p or s polarized light. 
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Figure 9. In situ absorbance spectra obtained for a Pt(111) electrode immersed in a 20 
mM 4-EC aqueous 0.1 sodium PBS pH 7.2. Eref = 0.4 and Esample= 0.9V. 200 
interferograms were collected at each potential with a resolution of 8 cm-1 and p or s 
polarized light. 
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Figure 10. ATR of polydopamine adsorbed on a thin gold layer after potential cycling 
in a dopamine solution at pH 7.2, in dry conditions,100 scans and 8 cm-1. Spectra were 
collected with p-polarized light. 
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Figure 11. ATR of DA adsorbed on a thing gold layer after cycling in a sodium PBS 
(D2O) containing, 100 scans and 8 cm-1. p-polarized and s- polarized light, as indicated. 
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Figure 12. STM images of adsorbed DA or DA-derivative molecules over Au(111) in 
air under open circuit conditions. A) Au(111)-(1x1) substrate prior to dopamine 
adsorption. Scan Size: 100 x 100 nm2. B) to D) Scan size: 200 x 200 nm2: B) 2 cycles. 
C) 10 cycles and D) 50 cycles.. E) to H) Scan size: 100 x 100 nm2: E) 2 cycles. F) 10 
cycles G) 25 cycles and H) 40 cycles. I) to K) Scan size: 50 x 50 nm2 

  I) 2 cycles. J) 10 
cycles and K) 25 cycles. Ebias 100 mV. Isetpoint: 800 pA. 

 




