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Abstract
The mixed adsorption layers of 6-thioguanine-TritonX-100 and 6-thioguanine-Tween 80 formed at the electrode/chlorate(VII) 
interface are discussed. The systems were characterized by measurements of differential capacity, zero charge potential, 
and surface tension at this potential. It was found that 6-thioguanine dominates in the formation of adsorption equilibria of 
the studied mixture. Competitive adsorption between 6-thioguanine-Triton X-100 and 6-thioguanine-Tween 80, ClO ions 
or mixed micelles cannot be excluded.
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1 Introduction

Studies of organic molecules adsorption on the electrodes 
constitute a major area of the electrochemical surface 
research. The properties of electrode surfaces are substan-
tially modified by adsorbed molecules which strongly affect 
electrode reactions. Such information can be applied for 
improvement of energy transformation processes (Zeng 
et al. 2017), elaboration of corrosion inhibitors (Qu and Guo 
2005; Fouda et al. 2017), control of metals electrodeposi-
tion (Taffa et al. 2015) as well as in various electroanalytical 
techniques (Nosal-Wiercińska 2014).

According to the literature reports formation of mixed 
adsorption layers on the mercury electrode surface is asso-
ciated mainly with the competitive adsorption (Munoz 
et al. 1992; Fuchs-Godec 2007; Nieszporek et al. 2012; 

Nosal-Wiercińska et al. 2018). The degree of adsorption 
competition can depend on the potential of electrode, its 
charge as well as interactions in the layer of adsorbates.

6-Thioguanine (6TG) is an example of antimetabolite 
of natural purine bases whose action mechanism consists 
mainly in incorporation of the DNA and RNA chains in the 
form of nucleosides and blocking purine de novo biosynthe-
sis. 6TG can act as an antiangiogenous molecule which is of 
significant importance in antitumorous therapy (Zochowska 
et al. 2016).

The study of 6-thioguanine adsorption at the mercury/
electrolyte interface could be interesting in relation to its 
activity at the biological interfaces. The addition of sur-
factants into the system can provide new information about 
interface structure, orientation of adsorbing electrode inac-
tive molecules as well as interactions between them.

It is commonly known that surfaces of mammalian cells 
and other biological membranes carry an appreciable elec-
trical potential. The electrical double layer formed in the 
immediate vicinity of the charged membrane-biological 
fluid interface can be regarded as essentially identical to that 
formed at the electrode surface–electrolyte solution interface 
(Cascales et al. 1998).

Adsorption associated with the mixed adsorption layers 
of 6-thioguanine-TritonX-100 and 6-thioguanine-Tween 80 
in the solutions of different water activity was studied.

The choice of chlorate(VII) solution results from the fact 
that ClO−

4
 ions cause the greatest disruption in the water 
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structure and slight adsorption of these ions on the mercury 
surface (Koryta et al. 1980).

Our previous studies on amino acids (Nosal-Wiercińska 
and Dalmata 2010; Nosal-Wiercińska 2012, 2013) con-
firmed the considerable influence of these substances and 
water activity on the adsorption parameters of the electrical 
double layer at the mercury/chlorate(VII) interface. In all the 
examined systems relative surface excesses of amino acids 
were proved to increase with the increase of electrode charge 
and adsorbate concentration; they were also found to depend 
on chlorates(VII) concentration. Moreover, the adsorption 
parameters changed along with the change of the supporting 
electrolyte concentration which points out to the competitive 
adsorption of amino acids and ClO−

4
 ions.

2  Experimental

2.1  Materials and methods

Analytical-grade reagents: 6-thioguanine (Fluka),  NaClO4 
(Fluka) and  HClO4 (Fluka), Triton X-100 (Sigma-Aldrich) 
and Tween 80 (Sigma-Aldrich) were used without further 
purification. The solutions were prepared from freshly dou-
bly-distilled water. Before the measurements the solutions 
were deaerated using high-purity nitrogen. Nitrogen was 
passed over the solution during the measurements.

2, 4 and 6 mol  dm−3 chlorate(VII) solutions, mixed at 
proper ratios (× mol  dm−3  NaClO4 + 1 mol  dm−3  HClO4 
(where 0 ≤ x ≤ 5) were used as a basic electrolyte.

The solutions were prepared just before the measure-
ments. The concentrations of 6TG were in the range of 
0.5–50 × 10−3 mol  dm−3 whereas Triton X-100 and Tween 
80 were in the range 1 × 10−6–1 × 10−3 mol  dm−3.

The measurements were performed at 298 K in a three-
electrode cell containing: a dropping mercury electrode 
(CGMDE) with a controlled increase rate and a constant 
drop surface (0.014740 cm2), as a working electrode (MTM 
Poland); Ag/AgCl (3 M saturated solution of NaCl) as a 
reference electrode and a platinum spiral as an auxiliary 
electrode. Viscosity measurements were performed at 298 K 
using the rotational CVO 50 rheometer with the “double 
gap” measuring system (Bohlin Instruments).

The double layer capacity  (Cd) was measured using the 
impedance technique with an µAutolab Fra 2/GPES (Ver-
sion 4.9) frequency response analyzer (Eco Chemie, Utrecht, 
Netherlands). The reproducibility of the average capacity 
measurements was ± 0.5%. For the whole polarisation range, 
the capacity dispersion was tested at different frequencies 
changing in the range 200–1000 Hz. The equilibrium capaci-
ties were obtained by extrapolation of the measured capacity 
vs. the square root of the frequency to the zero frequency 
(Nosal-Wiercińska 2013).

The potential of zero charge (Ez) was determined using a 
streaming electrode (Nosal-Wiercińska 2013) with the accu-
racy of ± 0.1 mV.

The surface tension at the potential of zero charge (γz) was 
measured using the method of the highest pressure inside 
the mercury drop presented by Schiffrin (Nosal-Wiercińska 
2013). The surface tension values were determined with an 
accuracy of ± 0.2 mN m−1.

The critical micelle concentration (CMC) was determined 
using the viscosity method. The measurements were made in 
the following systems: 2, 4, 6 mol  dm−3 chlorate(VII)-Triton 
X-100; 2, 4, 6 mol  dm−3 chlorate(VII)-Tween 80 and in the 
analogous systems containing 6-thioguanine. In the range 
of studied concentrations CMC was determined depending 
on viscosity of the studied solutions. A rapid change in the 
system viscosity was found at the concentration value cor-
responding to CMC.

3  Results and discussion

Figure  1 shows the capacitance curves in 2  mol  dm−3 
chlorates(VII) in the presence of 6-thioguanine. In the 
region of the “hump” potentials appearing in 2 mol  dm−3 
chlorate(VII) without the studied substances (≈ − 200 to 
− 800 mV). After the addition of 6-thioguanine to the solu-
tion, the height of this “hump” decreases. The increase in the 
concentration of studied substances causes further capacitive 
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Fig. 1  Differential capacity-potential curves of the double electri-
cal layer at the Hg/2 mol  dm−3 chlorate(VII) interface with various 
concentrations of 6-thioguanine: (filled circle with black) 0, (open 
red circle) 5 × 10−4, (open purple circle) 1 × 10−3, (open green circle) 
5 × 10−3, (open violet circle) 1 × 10−2 (in mol  dm−3). (Color figure 
online)
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changes in the region of “hump” potentials. Such picture 
of capacity curves indicates strong adsorption properties of 
6-thioguanine (Nosal-Wiercińska et al. 2018). In the region 
of higher potentials (≈ 100 mV) the adsorption peaks occur 
in the presence of 6-thioguanine (Fig. 1), however, in the 
area of the most negative potentials about − 950 mV the des-
orption peak appears. Both peaks increase with the increas-
ing adsorbate concentration in the basic electrolyte solution. 
Similar relationships were obtained for more concentrated 
chlorates(VII).

Figures 2 and 3 show the capacitance curves in 2, 4 mol 
 dm−3 chlorates(VII) in the presence of 1 × 10−3 mol  dm−3 
6-thioguanine and the increasing Triton X-100 or Tween 
80 concentrations. The addition of the surfactant to the 
basic electrolyte solution containing 6-thioguanine does 
not change the picture of capacity curves (Fig. 1). It should 
be noticed that the increase in Triton X-100 or Tween 80 
concentration in the basic electrolyte results in the evident 
decrease of desorption peaks, even their disappearance. 
Peak of adsorption does not change its height. This should 
be associated with the effect of Triton X-100 or Tween 80 
on adsorption equilibria formation. The analysis of the dif-
ferential capacity curves course, in the case of the mixed 
adsorption layers of 6-thioguanine-TritonX-100 or 6-thio-
guanine-Tween 80, reveals evident domination of 6-thiogua-
nine in the formation of adsorption equilibrium. However, 

one should not exclude mutual interactions of 6-thioguanine 
and the surfactant molecules leading to formation of a more 
less compact structure of adsorption layers (Gugała-Fekner 
et al. 2009).

For the identical 6-thioguanine or 6-thioguanine-Triton 
X-100 or 6-thioguanine-Tween 80 concentrations (Fig. 4a, 
b, c) with the increase of chlorate(VII) concentration the 
adsorption peaks do not change their position and height. 
Whereas the desorption peaks evidently decrease and even 
decay for the 6-thioguanine-Tween 80 system.

There are two reasons for the changes in the capacity 
curve: reorientation of water and changes in the electrostatic 
interactions between the adsorbed molecules (Parsons and 
Reeves 1981; Parsons 1981).

Tables 1, 2, 3, 4, 5 and 6 present the values of the poten-
tials of zero charge and those of the surface tension at the 
zero charge potential for the studied systems. As follows 
from Tables 1, 2 and 3 the addition of 6-thioguanine to the 2, 
4, 6 mol dm chlorates(VII) solution causes shift of towards 
more negative potentials. This indicates adsorption of 6-thi-
oguanine molecule oriented with the negative part towards 
the mercury surface (Gugała-Fekner et al. 2009).

Moreover with the increase in the 6-thioguanine concen-
tration the values shift significantly towards more positive 
values of potentials. Such changes of with the increasing 
concentration suggest change of molecule orientation on the 
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Fig. 2  Differential capacity-potential curves of the double electrical 
layer at the Hg/2 mol  dm−3chlorate(VII) interface with 1 × 10−3 mol 
 dm−3 6-thioguanine and with various concentrations of Triton X-100: 
(filled circle with black) 0, (filled circle with navy blue) 2 × 10−6, 
(filled circle with green) 1 × 10−5, (filled circle with pink) 2 × 10−5, 
(filled circle with cyan) 4 × 10−5, (filled circle with red) 5 × 10−5 (in 
mol  dm−3). (Color figure online)
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Fig. 3  Differential capacity-potential curves of the double electrical 
layer at the Hg/4 mol  dm−3 chlorate(VII) interface with 1 × 10−3 mol 
 dm−3 6-thioguanine as well as with various concentrations of Tween 
80: (filled triangle with black) 0, (filled triangle with navy blue) 
2 × 10−6, (filled triangle with green) 1 × 10−5, (filled triangle with 
pink) 2 × 10−5, (filled triangle with cyan) 4 × 10−5, (filled triangle with 
red) 5 × 10−5 (in mol  dm−3). (Color figure online)
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mercury surface. For the mixed adsorption layers of 6-thio-
guanine-Triton X-100 and 6-thioguanine-Tween 80 the shift 
of the values always towards more positive z potentials is 
observed (Tables 4, 5, 6). However, it should be noted that 
for the 2 mol  dm−3 chlorates(VII) solution at the constant 
concentration 1 × 10−3 mol  dm−3 of 6-thioguanine the effect 
of shift is clearly marked in the presence of 3 × 10−5 mol 
 dm−3 for TritonX-100 and 4 × 10−5 mol  dm−3 for Tween 80 
(Table 4). These concentrations of surfactants correspond 
to the CMC values determined in the presence of 6TG. 
Drop in the CMC values in the presence of 6TG (CMC for 
Triton X-100 = 1 × 10−4 mol  dm−3 and in the presence of 
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Fig. 4  Differential capacity-potential curves of the double electrical 
layer at the Hg/chlorate(VII) interface with 1 × 10−3 mol  dm−3 6-thio-
guanine (a) and with 1 × 10−5 Triton X-100 (b) as well as with Tween 
80 (c). Concentrations of chlorates(VII) are given in the figures

◂

Table 1  Potential of zero-charge Ez vs. Ag/AgCl electrode and sur-
face tension γz for Ez of 2 mol  dm−3 chlorates(VII) solutions + differ-
ent 6-thioguanine systems

103c 6-thioguanine/mol  dm−3 − Ez/V γz/m N  m−1

0 0.483 477.5
0.5 0.524 475.6
1.0 0.516 470.1
5.0 0.510 462.7

Table 2  Potential of zero-charge Ez vs. Ag/AgCl electrode and sur-
face tension γz for Ez of 4 mol  dm−3 chlorates(VII) solutions + differ-
ent 6-thioguanine systems

103c 6−thioguanine /mol  dm−3 − Ez/V γz/m N  m−1

0 0.524 460.0
0.5 0.544 459.0
1.0 0.535 450.0
5.0 0.520 446.2

Table 3  Potential of zero-charge Ez vs. Ag/AgCl electrode and sur-
face tension γz for Ez of 6 mol  dm−3 chlorates(VII) solutions + differ-
ent 6-thioguanine systems

103c 6-thioguanine/mol  dm−3 − Ez/V γz/m N  m−1

0 0.594 458.0
0.5 0.620 456.0
1.0 0.615 451.0
5.0 0.608 449.3
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6MP CMC = 5 × 10−5 mol  dm−3) should be associated with 
competitive adsorption as well as between mixed micelles 
(Nosal-Wiercińska et al. 2018).

Also the synergistic effect can be excluded (Wiśniewska 
et al. 2012; Szymczyk and Jańczuk 2008).

Such dependences are not observed in 4, 6 mol  dm−3 
chlorates(VII) solution which evidences a significant role 
of  ClO4

− ions in the adsorption–desorption processes.
The values of surface tension at the zero charge potential 

(Tables 1, 2, 3, 4, 5, 6) decrease for all studied systems as 
proved by the adsorption phenomenon.

Essential changes of the value for the 2  mol  dm−3 
chlorates(VII) solution in the presence of constant concen-
tration 1 × 10−3 mol  dm−3 6-thioguanine for the concentra-
tion 3 × 10−4 mol  dm−3 for TritonX-100 and 4 × 10−4 mol 
 dm−3 for Tween 80 (Table 4) also point out to the changes 
in the adsorption layer associated with appearance of hem-
imicelles or micelles (Munoz et al. 1992; Sotiropoulos et al. 
1993).

Table 4  Potential of zero-charge 
Ez vs. Ag/AgCl electrode and 
surface tension γz for Ez of 
2 mol  dm−3 chlorates (VII) 
solutions + 1 × 10−3mol  dm−3 
6-thioguanine + different 
surfactants concentration 
systems

1 × 10−3 mol  dm−3 6-thiogua-
nine + 106csurfactants/mol  dm−3

− Ez/V γz/m N  m−1

TritonX-100 Tween 80 TritonX-100 Tween 80

0 0.516 0.516 470.1 470.1
1 0.474 0.457 470.0 452.6
2 0.471 0.450 469.0 451.7
10 0.469 0.438 467.3 450.8
20 0.463 0.425 463.0 447.8
30 0.445 0.422 453.6 446.2
40 0.435 0.399 448.0 436.1
50 0.430 0.388 440.7 430.6

Table 5  Potential of zero-charge 
Ez vs. Ag/AgCl electrode and 
surface tension γz for Ez of 
4 mol  dm−3 chlorates (VII) 
solutions + 1 × 10−3mol  dm−3 
6-thioguanine + different 
surfactants concentration 
systems

1 × 10−3 mol  dm−3 6-thiogua-
nine + 106csurfactants /mol  dm−3

− Ez/V γz/m N  m−1

TritonX-100 Tween 80 TritonX-100 Tween 80

0 0.535 0.535 450.0 450.0
1 0.541 0.579 449.0 448.9
2 0.540 0.572 449.0 448.0
10 0.539 0.564 448.5 447.2
20 0.537 0.559 448.2 447.0
30 0.534 0.555 448.0 443.6
40 0.532 0.545 447.9 440.0
50 0.531 0.540 447.5 436.0

Table 6  Potential of zero-charge 
Ez vs. Ag/AgCl electrode and 
surface tension γz for Ez of 
6 mol  dm−3 chlorates (VII) 
solutions + 1 × 10−3mol  dm−3 
6-thioguanine + different 
surfactants concentration 
systems

1 × 10−3 mol  dm−3

6-thioguanine + 106csurfactants/
mol  dm−3

− Ez/V γz/m N  m−1

TritonX-100 Tween 80 TritonX-100 Tween 80

0 0.615 0.615 451.0 451.0
1 0.624 0.612 449.0 449.1
2 0.620 0.610 448.9 447.8
10 0.619 0.608 448.7 446.2
20 0.617 0.605 448.4 446.0
30 0.619 0.600 448.2 447.0
40 0.610 0.588 447.7 445.0
50 0.608 0.580 447.5 440.7
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4  Conclusions

The results presented in the paper point out to the distinct 
influence of supporting electrolyte concentration on the 
formation of adsorption equilibrium in the case of mixed 
adsorption layers. The adsorption parameters indicate a 
distinct domination of specifically adsorbed 6-thioguanine 
in formation of adsorption equilibria as well as change 
of orientation of the molecules adsorbed on the electrode 
surface. This was found only for 2 mol  dm−3 chlorates(VII) 
solution at the concentrations of surfactants far below the 
CMC, where no the multilayer adsorption occurs which 
results in small two-dimensional surface micelles. At the 
concentrations above the CMC, multilayer adsorption can 
take place. The changes of determined parameters in the 
function of the supporting electrolyte concentration point 
out to the participation of ClO−

4
 ions in the adsorption 

processes, or existence of the electrostatic interactions 
between the dipoles of  H2O and 6-thioguanine-Triton 
X-100 or 6-thioguanine-Tween 80.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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