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In this paper we present the electrochemical study of self-assembled monolayer (SAM) created of
aliphatic 1-hexadecanethiol (1-HDT) molecules adsorbed onto the gold and Au/Cr QCM crystal
surfaces. We investigated the influence of 1-HDT concentration and scan rate on potential values for
both adsorption and desorption processes. Our study introduces elimination voltammetry with linear
scan (EVLS) as a new, improved and sufficient approach to study and characterize the SAM creation.
Furthermore, formation of SAM was studied by cyclic voltammetry, electrochemical quartz crystal
microbalance (QCM) and atomic force microscopy (AFM). Our study showed that the EVLS is
suitable method for SAM study and gave detail information about the processes on the electrode
surface. It was found that the adsorption of 1-HDT molecules on QCM crystal was more extensive
than on Au electrode, i.e. molecules of 1-HDT molecules had better coverage on QCM crystal. The
incomplete desorption of previously adsorbed 1-HDT from the electrode surface was observed by
QCM measurements. AFM measurements confirmed that created SAM was homogenous without
defects. The application of EVLS to the voltammetric signals resulted in significant increase of peak
height and revealed a kinetically controlled reaction before an electron transfer proceeding in adsorbed
state for oxidation processes corresponding to the 1-HDT monolayer adsorption and dithiol formation
on both electrodes. A kinetically controlled reaction was detected also before the reductive desorption
of previously adsorbed 1-HDT on both the electrodes.
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1. INTRODUCTION

Thiol monolayers on different substrates (especially on gold) are well known for their self-
assembling properties. In recent years these systems have been studied with increasing attention. Gold,
silver and glass are frequently used substrates. Thiol molecules are captured onto the surface of the
substrate via the chemical bond between atoms of the substrate and thiol atom in alkanethiol.
Hydrophobic alkyl chains interact between each other due the van der Waals interactions [1]. This
property enables the chemisorption of alkylthiols on surface of substrate (metals, semiconductors),
leading to the formation of monolayer. The monolayer created is called self-assembled monolayer
(SAM). SAMSs of thiols have been investigated from the 1980s of 20™ century [2, 3] because of wide
range of applications for those surfaces. Moreover, SAMs have good chemical and physical properties,
they are stable against etching, they act as lithographic resists and can be modified with different
functional groups (e.g. -COOH, —OH, —CHj3;, —CF3). According to the functional end group SAMs
could have potential technical usage in chemical and optical sensors. Most of the studies were related
to layer consisting of aliphatic thiol. The electrochemical characteristics are drastically changed, when
molecules of thiols are chemisorbed on the surface of the electrode. Electrochemical properties of
modified electrodes surface also depend on the properties of organic moiety [4, 5]. The hydrocarbon
chain length could modulate the physical and chemical properties of thiol SAMs created on the metal
surface.

The process of adsorption/desorption has been investigated by many methods including
electrochemical techniques [6-15], Fourier transform infrared spectroscopy (FT-IR) [16, 17, 18],
electrochemical quartz crystal microbalance (EQCM) [19, 20, 21] and in situ scanning tunneling
microscope (STM) [22-25].

One of the most important and used technique for studying the adsorption and desorption of
SAM is the cyclic voltammetry (CV). This method gives information about the quality of the
monolayer film. CV method was used for the characterization of the SAM dielectric properties on a
gold quartz crystal surface. It was found that alkylthiols with longer alkyl chain have shifted reduction
peak to the more negative potential. This is reflecting via the stronger van der Waals interactions
between alkyl chains of thiol molecules [6]. The process of SAM desorption was initiated from the
defects in thiol monolayer, i.e. missing rows and the edge of the vacancy islands. The desorbed
molecules of alkylthiols formed aggregates in H,SO, solution [25].

Bain et al. [26] studied the kinetics of formation of alkyl thiol SAMs on Au using ellipsometic
thickness and contact angle measurements. They found that at concentrations of ca. 1 mM alkyl thiol
in ethanol, the formation exhibited biphasic kinetics. Within a few minutes, the contact angles and
thicknesses had reached ca. 80-90% of the final values. Then, in a slower process which lasted several
hours, these two parameters reached their final values. They also found that the adsorption kinetics
were faster for alkyl thiols with longer chains than for those with shorter chains. Due to the
requirement for removal of the substrate from the adsorption solution for the contact angle or
ellipsometric measurement, they were unable to quantitatively determine kinetics for times shorter than
a few tens of seconds.
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Widrig et al. [6] have described desorption of alkanethiol molecules from the gold surface to
the alkaline aqueous solution as the one-electron reductive process given by the reaction:

Au—-SR +e- > Au+RS” Q)

It was carried out many electrochemical studies of the reaction (1). The peak area, the cathodic
peak shape for the reductive desorption and peak potential provide useful information of the SAM,
such as adsorbed amount, stability, adsorption energy, orientation and substrate morphology [6-25].

A detailed investigation of the reductive desorption and oxidative re-deposition of thiol SAMs
confirmed that the peak potential for the reductive desorption is dependent on the hydrocarbon chain
length, the functional end group, and the gold surface crystallography [17]. It was found, that the
adsorbed layer of organic molecules were desorbed from the electrode surface via a poration process,
or creation of defects in the adsorbed layer as the potential became more negative.

The aim of this paper is to study the adsorption/desorption process of SAM on gold surface by
methods of cyclic voltammetry (CV), quartz crystal microbalance (QCM), atomic force microscopy
(AFM) and elimination voltammetry with linear scan (EVLS). The surface of gold electrode and gold
coated quartz crystal with a chromium under-layer (Au/Cr QCM crystal) was modified by aliphatic
thiol molecules of 1-hexadecanethiol (1-HDT). The effect of substrate nature, scan rate and thiol
concentration on the electrochemical adsorption/desorption of SAM was evaluated.

The adsorption/desorption process of SAM on Au electrode and Au/Cr QCM crystal was also
investigated by EVLS, which is a technique developed for improving the voltammetric results through
estimation of the effects of diffusion, kinetic and charging currents on the total measured current [27-
32]. EVLS supplies more detailed information about the process on the electrode, including adsorption
and structural changes of an electroactive species.

The present work is a fresh attempt to optimize the thiol SAM deposition parameters for the
preparation of modified electrodes for detection of biological molecules.

2. EVLS PROCEDURE

The EVLS is a mathematical method for deeper interpretation of electrode processes. This
method enables an improvement of the linear sweep voltammetry (LSV) or CV results by elimination
of undesirable currents using the elimination functions, and makes it possible to identify the nature of
the currents controlling the studied process [33]. Comprehensive information about elimination
functions and their calculations are described in papers [33-36]. The EVLS was verified
experimentally for reversible, quasi-reversible, and irreversible electrochemical systems [35]. The
application of EVLS to different electrochemical systems studied on mercury drop electrodes [37-42,
27] and solid electrodes [38-32] provided expansion of the available electrode potential range and
higher sensitivity compared to LSV and CV, especially for adsorbed electroactive species, detected
minor electrode processes hidden in a major one, and reveal competitive electrochemical reactions
such as adsorption and Kinetic processes.

The elimination of the particular current selected is based on the different dependences of
various voltammetric currents, such as the diffusion, charging and kinetic currents (lg, lc, Iy,
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respectively), on the scan rate [33-36, 27]. The required elimination can be achieved by an elimination
function obtained by the transformation of total voltammetric currents, measured at different scan
rates, to a suitable linear combination.

BEVLS 5

Figure 1. Dependence of current elimination coefficient feyis on scan rate coefficient x for six
elimination functions.

One of those scan rates is chosen as the reference scan rate, while the others are taken as
fractions or multiples of the reference scan rate, usually half and twice the reference scan rate. The
total current, corresponding to the reference scan rate, is denoted as the reference current (1) to whom
all results are related [33]. The linear combination is designated as elimination function, and its
coefficients as linear elimination coefficients. The six elimination functions that ensure the elimination
of unwanted particular currents and the conservation of desired particular currents were derived [33,
43]:

E1: Elimination of I, with I4 conservation and I distortion by 1.707.

E2: Elimination of I with 4 conservation and I distortion by 2.4142.

E3: Elimination of I4 with Iy conservation and | distortion by -0.707.

E4: Simultaneous elimination of I, and I with 14 conservation.

E5: Simultaneous elimination of I and 14 with I, conservation.

E6: Simultaneous elimination of Iy and I, with I, conservation.

For the partial current of any elimination function I;, the current elimination coefficient, fevis is
given [43-45]:
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where a; in the sum means the coefficient of an elimination function, v; is arbitrary and Vyer is
reference scan rate. The dependence of the current elimination coefficient Bevi s on the scan rate
coefficient x is a suitable tool for the characterization of current nature and, consequently, for deeper
insight into complex electrode processes [32, 33]. The courses of six derived elimination functions (E1
- E6) obtained using (1/2)Vrer, Vrer, and 2Vrer , are shown in Fig. 1. Whereas the current is well-preserved
for fevis =1, the value of fey s = 0 corresponds to the elimination of a given partial current [34, 35].
It is appropriate to use inverted f-axis (i.e. negative values about zero) for better orientation in
evaluation of reduction processes.

The graph is valid just for an electroactive material transported to a planar electrode by
diffusion. E4 gives unique peak — counter peak [33, 37], in the case when the substance is adsorbed on
the surface of the electrode before an electron transfer, making fast evidence of adsorption possible.

3. MATERIAL AND METHODS

All chemicals (1-hexadecanethiol, ethanol, KOH, K4[Fe(CN)s], NaCl and HNO3) used were
purchased from Alfa Aesar GmbH (Germany). They were of p.a. purity and solutions were freshly
prepared. The chemicals were used without other purification.

Cyclic voltammetry measurements were performed by using an Autolab Potenstiostat PGSTAT
101 (Metrohm). All measurements were carried out by using a conventional three-electrode cell with
Ag/AgCI/3 mol/l KCI reference electrode, platinum sheet counter electrode and gold electrode or
AU/Cr QCM crystal as a working electrode. Before CV measurement crystal was immersed in a pure
ethanol for 2 hours. Ag/AgCI/3 mol/l KCI, Pt and Au electrode were immersed in 25 vol. % HNO3 for
30 minutes and rinsed with distilled water and ethanol to clean. CV measurements were performed in
1 umol/l, 10 umol/l and 100 pmol/l 1-hexadecanthiol and 20 mmol/l KOH ethanol solution (pH 13.48)
at different scan rates: 5; 10 and 20 mV/s. The potential was scanned from 0 mV — + 600 mV —
- 600 mV — 0 mV for Au/Cr QCM crystal and from + 0 mV — + 1200 mV — - 1000 mV — 0 mV
for Au electrode. The range of CV measurements for Au/Cr QCM crystal was reduced to avoid the
crystal damage. All experiments were performed under atmospheric pressure and at room temperature.
The surface area of Au/Cr QCM crystal was 4.15 cm?. Gold electrode was a traditional sheet electrode
with surface area about 2 cm?.

QCM measurements were performed by using SRS MODEL QCM 200. Measurements were
carried out by the same electrode system mentioned above. As working electrode was used Au/Cr
QCM crystal with frequency 5 MHz. Crystal was immersed in a pure ethanol for 2 hours before
measurements for cleaning.

The activity of gold electrode and Au/Cr QCM crystal surface was evaluated by CV in solution
containing 1 mmol/l K4[Fe(CN)e] and 0,1 mol/l NaCl. The activity of the cleaned surface, the surface
after electrochemical adsorption of 1-HDT and the surface after electrochemical desorption of 1-HDT
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molecules was investigated. The adsorption and desorption were carried out in 100 umol/l 1-HDT
20 mmol/l KOH ethanolic solution by CV method in potential range 0 mV and 1000 mV at scan rate
10 mV/s.
QCM technique is based on relation between the frequency shift (Af) of the quartz crystal
resonator and changes of its mass per unit surface area (Am), which is given by the following equation:
Af =-C; -Am 3)
Where C, is the sensitivity factor (in our case his value is 56.6 Hz.ugt.cm?). Eq. 3 was used to

calculate the mass of the adsorbed 1-HDT molecules onto the Au/Cr QCM crystal surface.
AFM measurements were performed on VEECO ICON atomic force microscope. 1-HDT was
electrochemically deposited from 10 pmol/l ethanolic KOH solution.

4. RESULTS AND DISCUSSION

4.1. CV study
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Figure 2. Cyclic voltammograms of 1 pmol/l (a), 10 pumol/I (b) and 100 pmol/I (c) 1-HDT recorded on
AU/Cr QCM crystal at three different scan rates: 5 mV/s, 10 mV/s and 20 mV/s, and with
20 mmol/l KOH in ethanol.



Int. J. Electrochem. Sci., Vol. 9, 2014 3852

. 10 microM
a) 1 microM 200
150
150

100 1004
— < A
g 5. E 50 /
S 2
£E E o < —
£ 5 \_
g 0 AN S 50 —
3 3 S

4 —— KOH 04 P ——KOH
07 D —5mVis ——5mVis
——10mV/s 1504 —— 10 mV/s
——20mV/s —— 20 mV/s|
-100 T T T T T T T T T T T T T -200 T T T T T T T T T T T T T
=200 -100 0 100 200 300 400 500 600 700 800 900 100011001200 -200-100 0 100 200 300 400 500 600 700 800 900 10001100 1200
Potential [mV] Potential [mV]
c) 100 microM

100

Current [microA]

-100 T T T T T T T T T T T T T
-200 -100 0 100 200 300 400 500 600 700 800 900 100011001200

Potential [mV]

Figure 3. Cyclic voltammograms of 1 umol/l (a), 10 pumol/1 (b) and 100 umol/l (¢) 1-HDT recorded on
Au electrode at three different scan rates: 5 mV/s, 10 mV/s and 20 mV/s, and with 20 mmol/I
KOH in ethanol.

Figure 2 and Figure 3 show the cyclic voltammograms of different concentrations of 1-HDT in
0.02 mol/l KOH ethanolic solution for Au/Cr QCM crystal and Au electrode. Cyclic voltammogram
measurements for KOH ethanolic solution without thiol molecules show no oxidation or reduction
peak. Neither an oxidative adsorption nor a reductive desorption process was registered in electrolyte
without thiol molecules on both surfaces. The same results were obtained by other authors [46, 47].

Figure 2 demonstrates the cyclic voltammograms of different concentrations of 1-HDT in
0.02 mol/l KOH ethanolic solution for Au/Cr QCM crystal and shows the voltammetric responses at
three different scan rates (used for EVLS). The two oxidation peaks at about 60 — 80 mV and 500 —
600 mV were observed in CV curves in the presence of thiol molecules for each scan rate. These
anodic processes could be assigned to the oxidative adsorption of thiol and oxidation of dissolved thiol
to dithiol [48]. The reduction peak corresponding to desorption of previously adsorbed 1-HDT was
registered at potential about -30 — -70 mV. The peak currents increase was observed with increasing
concentration of 1-HDT as well with increasing scan rate. The slight shift of adsorption/desorption



Int. J. Electrochem. Sci., Vol. 9, 2014 3853

potential to the more positive/negative value was observed with increasing scan rate. Potential values
of 1-HDT adsorption and desorption for Au/Cr QCM crystal are summarized in Table 1 and Table 2.

Table 1. Values of adsorption potentials determined from cyclic voltammograms of 1-HDT in
ethanolic KOH solution recorded at different scan rates and concentrations on Au/Cr QCM
crystal and Au electrode

Eads [mV]
Au/Cr QCM crystal Gold electrode
conc 5mV/s | 10 mV/s | 20 mV/s conc 5mVI/s 10 mV/s | 20 mV/s
1 umol/l 61.9 66.9 68.7 1 umol/Il 79.3 85.4 92.3
10 pmol/1 63.7 65.9 72.2 10 pmol/l 80.5 89.6 94.2
100 pumol/1 67.5 71.2 78.5 100 pmol/1 83.5 90.9 98.6

The cyclic voltammograms of different concentrations of 1-HDT in 0.02 mol/l KOH ethanolic
solutions for Au electrode at three different scan rates are shown in Fig. 3. Two oxidation peaks
observed at about 88 mV and 900 mV could be ascribed to the same processes as in case of QCM
crystal. The reduction peak at potential about 100 mV was observed. Moreover, the re-adsorption of
desorbed 1-HDT with the shift to negative potential was observed. The oxidation peaks at about 0 mV
correspond to this re-adsortion process. Adsorption and desorption peak potentials were shifted to
more positive values, as compared to Au/Cr crystal. The peak currents increase with increasing scan
rate and increasing concentration was observed. Values of 1-HDT adsorption and desorption potentials
for Au electrode are summarized in Table 1 and Table 2.

Table 2. Values of desorption potentials determined from cyclic voltammograms of 1-HDT in
ethanolic KOH solution recorded at different scan rates and concentrations on Au/Cr QCM
crystal and Au electrode

Edes [mV]
Au/Cr QCM crystal Gold electrode
conc 5mV/s | 10 mV/s | 20 mV/s conc 5mV/s | 10mV/s | 20 mV/s
1 umol/l -34.3 -48.5 -69.9 1 umol/l 120.3 117.9 100.6
10 pmol/1 -36.6 -59.3 -73.1 10 pmol/1 110.5 90.1 83.1
100 umol/1 -38.0 -59.5 -74.2 100 umol/1 | 141.7 74.5 71.9

Dong et al. [45] studied the monolayers of biological compounds on a gold electrode surface
through self-assembling. They immobilized the proteins and enzymes covalently to the SAM of
3-mercaptopropionic acid on a gold electrode with usage the cyclic voltammetry. Their results
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corresponded with our results that with increased scan rate increased the measured current of
adsorption and desorption peaks.
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Figure 4. Cyclic voltammograms of 1 mmol/l K4Fe(CN)s] in 0.1 mol/l NaCl solution measured
before electrochemical adsorption, after adsorption, and after desorption of 100 pmol/l 1-HDT
in 20 mmol/l KOH ethanolic solution at 50 mV/s on Au/Cr crystal (a) and Au electrode (b).

The adsorption of thiol molecules on the electrode surface resulted in lowering of
electrochemical activity of electrode surface. This could be observed on cyclic voltammograms of
1 mmol/l K4[Fe(CN)g] in 0.1 mol/l NaCl solution recorded before electrochemical adsorption, after
adsorption, and after desorption of adsorbed thiol molecules for 100 umol/l 1-HDT in 20 mmol/l KOH
ethanolic solution (Fig. 4). The potential was scanned from -100 mV to +600 mV and back to -100 mV
and from 0 mV to +1000 mV and back to 0 mV for Au/Cr crystal and Au electrode, respectively. In
comparison with clean surface, the activity of surface with adsorbed 1-HDT molecules decreased.
After electrochemical desorption the activity increased again, but it was lower than the activity before
the adsorption of thiol molecules indicating incomplete desorption of previously adsorbed 1-HDT from
the surface. Comparing cyclic voltammograms recorded on Au/Cr crystal and Au electrode it can be
observed that the lowering of peak current after adsorption was higher on the crystal surface, which
reflects that the adsorption of 1-HDT molecules was more extensive, e.g. the coverage was larger, on
QCM crystal than on Au electrode. These results indicate that the monolayer of 1-HDT formed on Au
electrode surface was less consistent and adsorbed molecules were not able to block the electron
transfer between the electrode surface and solution effectively.

Menolasina [49] studied the adsorption of 1-HDT on gold disc electrode. In the study was
compared the adsorption of 1-HDT in different ratios of ethanol/water solution. It was found that in
system 1-HDT in ethanol, the molecules of ethanol were more able to solvate the molecules of the
thiol. Consequently the molecules of ethanol were incorporated to the created monolayer and
electrochemical response of the oxidation of Fe?* was not suppressed completely. Further, it was
discovered that the electrodes modified with 1-HDT in ethanol acted as worse insulating system than
1-HDT in water/ethanol (1:1) solution.
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4.2. QCM study

The electrochemical adsorption/desorption process was further confirmed with the QCM
frequency change measurements. The frequency-potential response curves of adsorption and
desorption of 1-HDT recorded on Au/Cr QCM crystal for different scan rates are shown in Fig. 5 and
Fig. 6, respectively. The adsorption of 1-HDT on Au/Cr crystal was associated with the frequency
decrease corresponding to the mass increase on crystal surface. The decrease in resonance frequency of
crystal was observed at potential close to the oxidation peak potential in cyclic voltammograms in
Fig. 2 (summarized in the Table 1), at which the 1-hexadecanthiol started to adsorb on the Au/Cr
surface (Fig. 5). The potential values differed for each scan rate. For each concentration of 1-HDT the
adsorption potential increased with increasing scan rate. The frequency of crystal increased and mass
of adsorbed molecules decreased with increasing scan rate for all measured concentrations.
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Figure 5. The frequency-potential response curves of adsorption of 1 umol/l (a), 10 umol/l (b) and
100 pumol/l (¢) 1-HDT recorded on Au/Cr QCM crystal for different scan rates: 5 mV/s,
10 mV/s and 20 mV/s.

The further slight decrease in frequency was registered with potential shift to more positive
values. We suppose that this decrease could be due to organization of adsorbed molecules onto the
gold surface. Values of adsorption potential together with corresponding frequency and mass changes
determined from QCM measurements are summarized in Table 3.
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Table 3 The values of adsorption potentials and corresponding frequencies, and mass changes of
adsorbed 1-HDT molecules from QCM measurements.

1 pmol/1 1-HDT 10 pmol/l 1-HDT 100 pmol/1 1-HDT
Scan  Eadsorption Af Am Eadsorption Af Am Eadsorption Af Am
rate [mV] [Hz] [nel [mV] [Hz] [mel [mV] [Hz] [ng]
[mV/s]
5 61.5 -1920 33.9 70.4 -5730 101.2 72.3 -9010 159.2

10 64.1 -1170 20.7 71.9 -3980 70.3 74.2 -6667  117.8

20 70.8 -1160 20.5 76.1 -2000 35.3 81.0 -5829  103.0

The increase of crystal resonance frequency at potentials corresponding to the desorption
potentials in cyclic voltammograms (Fig. 2) was registered with potential shift to negative values (Fig.
6). At this potential previously adsorbed 1-HDT molecules were released from the crystal surface to
the alkaline solution resulting in the decrease of crystal mass. The amount of desorbed molecules and
frequency changes of the crystal together with desorption potentials determined from QCM
measurements are summarized in Table 4.

a) b)
5000200 5000500

10 microM HDT
5000000 —— 1 microM HDT 5000000 7
— ] 4999500
4999800
4999000
4999600 4098500 .
4998000
4997500
4997000
4996500
4996000
4998600
4995500 ——20 mv/g
4998400 4995000 —— 10 mV/s|
4998200 4 L/ 4994500 ——5mV/s
4998000 - 4994000 7
T T T T T T T 4993500 T T T T T T T
-600 -400 -200 0 200 400 600 -600 -400 -200 0 200 400 600
Potential [mV] —=—— Potential [mV]

4999400

4999200

4999000

Frequency [Hz]
N
o
3
<
@
Frequency [Hz]

4998800 ——5mV/s -

c)
5,001

5,000 § 100 microM HDT
4,999 - —

4,998

4,997
4,996

4,995 |

Frequency [MHz]

4,994 ——20mV7|

4,993 —— 10 mV/s
——5mVis

4,992

4,991 4

4,990

T T T T T T T
-600 -400 -200 0 200 400 600
<~———  Potential [mV]

Figure 6. The frequency-potential response curves of desorption of 1 pumol/l (a), 10 umol/l (b) and
100 pumol/l (¢) 1-HDT recorded on Au/Cr QCM crystal for different scan rates: 5 mV/s,
10 mV/s and 20 mV/s.
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Table 4 The values of desorption potentials of adsorbed 1-HDT molecules from QCM measurements.

1 umol/l 1-HDT 10 pmol/1 1-HDT 100 umol/l 1-HDT
Scan Edesorption  Af[Hz] Am  Edesorpion Af[HZ] Am  Egesopion Af[Hz] Am
rate [mV] [ng]  [mV] [ngl  [mV] [ng]
[mV/s]
5 -78.5 1390 246 -53.8 5150 90.9 -45.0 7949 1405
10 -80.2 1130  20.0 -57.7 3880 68.5 -51.2 5767  101.9
20 -85.4 1020 18.0 -64.4 1220 21.6 -59.9 5584 98.7

Comparing the masses of adsorbed and desorbed 1-HDT molecules it can be concluded that not
all molecules adsorbed were desorbed from the crystal surface. The amount of desorbed 1-HDT
molecules corresponded to about 87 % of previously adsorbed molecules.

4.3. AFM study

C)

Figure 7. AFM topography of a) pure Au/Cr QCM crystal surface, b) HDT covered Au/Cr QCM
crystal surface and c) topography profile.

Prepared 1-HDT monolayer onto Au/Cr QCM crystal surface was studied by the method of
AFM, to see the structure of the prepared layer, the distribution of the molecules and the coverage of
the surface. On the Figures 7a and 7b are shown the pure Au/Cr QCM crystal surface and the Au/Cr
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QCM crystal surface coated with SAM of 1-HDT molecules, respectively. Molecules of 1-HDT were
well ordered on the surface and formed continuous layer. This was also confirmed by topography
profile of the Au/Cr QCM crystal surface coated with SAM of 1-HDT molecules (Fig 7c).

The Fig. 7a shows clean surface of Au/Cr crystal before measurements. The surface is smooth
without any defects. Therefore all thiol molecules have the same probability to adsorb at any place on
the surface. The Fig. 7b shows the Au/Cr crystal after electrochemical adsorption. As it is seen from
the topography profile (Fig. 7c) of the surface, thiol molecules are oriented not at the same way.
Therefore the molecules had not enough time to orient themselves due the van der Waals interaction
between molecules and the height of the surface is changing, as it is shown in topography profile of the
surface (Fig. 7c).

4.4. EVLS study
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Figure 8. Elimination voltammogram of 1-HDT on Au/Cr QCM crystal, 100 pumol/l, process of
adsorption, reference scan rate 10 mV/s.

Voltammetric curves measured at three different scan rates (5, 10, and 20 mV/s) were taken
into the EVLS procedure. The elimination functions for different concentrations of 1-HDT were not
changed significantly (except the increasing in peak current with increasing 1-HDT concentration),
thus the results for lower concentrations are not presented.
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Figure 9. Elimination voltammogram of 1-HDT on gold electrode surface, 100 pumol/l, process of
adsorption, reference scan rate 10 mV/s.

In Figures 8 and 9 are shown the elimination and reference curves of oxidation processes
corresponding to the 1-HDT monolayer adsorption and dithiol formation measured on Au/Cr QCM
crystal and gold electrode.

The application of elimination functions E1 — E6 to the oxidation process of 1-HDT on Au/Cr
crystal and Au electrode confirmed a kinetically controlled reaction at potential of first oxidation peak
(about 70 mV and 90 mV on Au/Cr crystal and Au electrode, respectively). This can be seen from the
increase of elimination functions E1 and E4 together with the opposite course of all other elimination
functions.

Detected kinetic process on the electrode surface can be associated with chemical reaction and
with arrangement of thiol molecules on the charged interface. The kinetically controlled surface
process is slower than the electron transfer reaction but faster than diffusion of 1-HDT molecules. The
cathodic EVLS signal for Au electrode in the region of about 150 mV (Fig. 9) is not clearly visible on
the CV curve (Fig. 3), but a comparison of the courses of all elimination curves (E1 —E6) confirms a
kinetic and/or super-kinetic domain. The process at these potentials can correspond to surface kinetics
as a rate determining step (RDS).

Furthermore, for both electrodes it can be seen that the application of EVLS to the
voltammetric signals resulted in significant increase of peak height and revealed a counter peak on
elimination function E4 at more positive potentials (in the region of dihtiol formation) which indicates
electrode reaction proceeding in adsorbed state with the electrode surface participation. The counter
peak was not fully developed for Au/Cr crystal since the second oxidation process was not recorded
entirely in CV. Also the courses of elimination functions E5 and E6 correspond to a specific signal in
the counterpeak - peak form indicating that the electron transfer proceeds in the adsorbed state. The
elimination functions E5 and E6 provide reverse and smaller signals compared to the elimination
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function E4. The parallel course of elimination functions E2 and E3 to negative values of feyis, which
is opposite to course of elimination function E1, indicates the dominance of charging process, and
therefore the right part of the theoretical diagram (Fig. 1) must be taken in consideration. This is more
evident in the case of Au electrode.

From these results it can be concluded that the adsorption of thiol molecules on the electrode
surface is accompanied by electrochemical oxidation reaction of metallic electrode together with a
metal-sulfur bond formation and followed by dithiol formation.

In Figures 10 and 11 are shown the elimination and reference curves of desorption measured on
Au/Cr QCM crystal and gold electrode surface. The application of elimination functions E1 — E6 to the
reduction process of 1-HDT confirm that desorption is preceded by a kinetically controlled reaction on
both the electrodes. We assumed that the minor kinetic process could be related to different strength of
metal-S bond on Au/Cr crystal and Au electrode or to the re-arrangement of adsorbed thiol molecules.
The parallel course of functions E1 and E4, both to positive and negative values of Sy s, indicates that
the process on Au/Cr QCM crystal is controlled by kinetics and diffusion, and therefore the left part of
the theoretical diagram (Fig. 1) must be considered. On the Au/Cr QCM crystal prevailed the process
of diffusion of 1-HDT molecules from the crystal surface.
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Figure 10. Elimination voltammogram of 1-HDT on Au/Cr QCM crystal, 100 pumol/l, process of
desorption, reference scan rate 10 mV/s.
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Figure 11. Elimination voltammogram of 1-HDT on Au/Cr QCM crystal, 100 pumol/l, process of
desorption, reference scan rate 10 mV/s.

The application of EVLS on the CV on Au electrode revealed the electron transfer in adsorbed
state indicating that the reaction (1) is slowest reaction step in desorption process of 1-HDT molecules.

Dias et al [48] studied the electrochemical adsorption and desorption processes of ethanethiol
onto the gold electrode surface in alkaline solution. They observed the mechanism of thiol adsorption
in next steps:

1) the oxidation of gold to the gold-thiolate:

Au+RS™ — Au—-SR+e” (5)
2) the oxidation of dissolved ethanethiol to dithiol:

2RS (isg = RySaaisg +2€6° (6)
3) the oxidation of gold-thiolate to dithiol and formation of “gold hydroxide” layer:
2AU—SR+20H" — 2AUOH + R,S, 4 +2€° )
4) the reduction of the formed “gold hydroxide” to gold:

AuOH +e” —» Au+0OH"~ (8)
5) the reductive desorption of thiol on gold:

Au—-SR+e" —> Au+RS™ (1)

Based on these results the probable mechanism of 1-HDT adsorption/desorption on Au/Cr
coated quartz crystal and Au electrode can be expressed as a sequence of reactions (5), (6) and (1). The
Kinetically controlled electrode reaction (5) (on both electrodes) is accompanied with adsorption and



Int. J. Electrochem. Sci., Vol. 9, 2014 3862

arrangement of thiol molecules on the charged interface and followed with reaction (6). The reductive
desorption is associated with reaction (1).

5. CONCLUSIONS

We studied the process of adsorption/desorption of 1-HDT onto Au/Cr QCM crystal and gold
surfaces from KOH in ethanolic solution. We observed that at the potential of adsorption the molecules
were very quickly adsorbed onto the surface, what was confirmed the QCM measurements. At the
adsorption potential the frequency of the crystal rapidly decreased, what meant the increasing of the
crystal mass. These results were confirmed also by EVLS and AFM measurements. In AFM images it
was clearly seen, that the monolayer consisting of 1-HDT molecules is well ordered. The monolayer
creation was confirmed with the activity of Fe?/Fe** cation that decreased using gold or Au/Cr QCM
crystal surface with adsorbed molecules. The formed monolayer of 1-HDT was not able to block the
electron transfer between the electrode surface and solution completely. The activity of cation
increased after desorption of 1-HDT molecules again. . However, about 87 % of previously adsorbed
1-HDT was desorbed from the electrode surface. The higher extension of 1-HDT adsorption on QCM
crystal surface than on Au electrode was detected. EVLS measurements showed that adsorption of
thiol molecules on the electrode surface is preceded by a kinetically controlled reaction and followed
by electron transfer and metal-sulfur bond formation. Furthermore EVLS measurements showed that
the process of desorption was kinetically controlled on gold electrode while on Au/Cr QCM crystal it
was controlled by kinetics and diffusion.
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