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Abstract—In this paper, 9,10-anthraquinone (AQ) derivative-modified glassy carbon (GC) electrodes were
studied towards the electrochemical reduction of oxygen in aqueous and non-aqueous solutions. The reaction
of 1-chloro-9,10-anthraquinone with aliphatic diamines was applied for the synthesis of amino-9,10-anthra-
quinone derivatives. The obtained AQ derivatives were grafted onto the surface of glassy carbon electrodes by
electropolymerisation using diazonium salts. The modified GC electrodes are sensitive to oxygen, deter-
mined by cyclic voltammetry. Changes in the oxygen determination efficiency depend mostly on the length
of the side chain AQ derivative which is grafted to the GC electrode and is nearly double in comparison to a
bare GC electrode modified by 1-((2-((2-aminoethyl)amino)ethyl)amino)-9,10-anthraquinone.
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INTRODUCTION

The development of the electronic and electro-
technical industry, the increase of environmental con-
tamination, and in effect an increase in diversity of ill-
ness over the last few years has intensified studies on
creating innovative, more sensible and efficient sen-
sors [1, 2]. A direct reduction of analytes may be an
excellent way to improve the early prevention of many
diseases, including cancer [3, 4].

Additionally, monitoring the dissolved oxygen
concentration plays a meaningful part in various
fields, such as the food industry [5] and environmental
monitoring [6]. The traditional method for dissolved
oxygen determination is iodometry, which is often
described as inconvenient because of its relatively long
duration [7]. Another example of oxygen reduction is
the Clark electrode method [8]. Unfortunately in this
electrochemical technique, the oxygen is consumed
during redox reaction, causing numerous restrictions
in possible application [9].

Anthraquinones are commonly found in nature
[10] and have found a wide range of possible applica-
tions in medicine [11, 12], as an intermediate com-
pound for dye fabrication [13], and for hydrogen per-

oxide synthesis [14]. As for AQ derivatives, the isomer
properties change significantly when function groups
are attached [15—17]. Modifying the structure of
9,10-anthraquinone can promote the solubility of
these derivatives in aqueous and non-aqueous solu-
tions [18, 19]. In addition, even small changes in the
ring molecules can significantly affect the biological
activity of the whole molecule [20—22]. 9,10-anthra-
quinone derivatives are used as dyes [23], and medi-
cines such as anti-inflammatory [24] and anticancer
[25] drugs.

The kinetics of oxygen reduction has been reported
on a glassy carbon electrode modified with
9,10-anthraquinone-2-ethanoic acid by anodic oxida-
tion. Maia et al. [26] showed a reduction of oxygen at
GC modified by 9,10-anthraquinone-2-carboxylic
acid. Also, the one-electron reduction potentials of
116 important p- and o-quinones were estimated in
DMSO using B3LYP/DZP++ quantum simulation
methods by Zhu et al. [27].

In this publication, we propose a method for oxy-
gen reduction using GC electrodes modified with
amino-9,10-anthraquinone derivatives. The purpose
of the present study was the fabrication and investiga-
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tion of glassy carbon electrodes modified by AQ deriv-
atives in order to achieve enhanced sensitivity versus
oxygen reduction in aqueous or non-aqueous solu-
tions. Three AQ derivatives were synthesised and elec-
tropolymerised on the GC electrodes. The reaction
was based on the transformation of unbound amine
groups into diazonium salts of the AQ. Compounds
based on 1-chloro-9,10-anthraquinone and aliphatic
amines were applied. The synthesised compounds
were purified by the flash column chromatography
method and subsequently described with magnetic
resonance ('H-NMR) and mass spectrometry method
(MALDI-TOF MS). The oxygen reduction processes
were studied at AQ modified GC electrodes in aque-
ous and non-aqueous solutions using cyclic voltam-
metry.

EXPERIMENTAL
Reagents

1-Chloro-9,10-anthraquinone, was purchased
from Sigma-Aldrich and used without further purifi-
cation. Toluene and other solvents were obtained from
Stanlab. All solvents were purified and dried using
standard methods. Toluene was distilled by rectifica-
tion process. The purity of the final product was veri-
fied by chromatographic methods.

Thin layer chromatography (TLC) was carried out
on “TLC Silica gel 60” silica gel plates from Merck,
having a particle size of 1012 um and a sorbent thick-
ness of 200 um. Purification of the products was per-
formed by flash chromatography on “Kieselgel 60”
silica gel from Merck with a particle size of 0.04—
0.063 mm, 230—400 mesh.

Apparatus

The electrochemical measurements involved cyclic
voltammetry (CV). An Autolab, model PGSTAT 128N
potentiostat was employed. All voltammetry experi-
ments were carried out in the three-electrode system.
A glassy carbon GC electrode (3 mm in diameter) was
used as the working electrode, a KCl-saturated
Ag/AgCl electrode served as the reference electrode,
and a platinum wire was used as the counter electrode.

To identify the synthesised anthraquinone deriva-
tives, the '"H-NMR spectra were recorded with a
Bruker, AVANCE III 500 MHz spectrometer using
deuterated chloroform CDCI;, IR spectra were
recorded with a Bruker IFS66 spectrometer using KBr
pellets, and a MALDI-TOF analysis was performed
with a Brucker BIFLEX 3 spectrometer. We carried
out analyses of the analysis 9,10-anthraquinone deriv-
atives by HPLC in reverse phase (RP-HPLC) using
the Shimadzu chromatograph with a UV-Vis detector
and column (Phenomenex Luna C8). The analyses
were performed in a flow of 1.2 ml/min of solvent gra-
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dient. (A = H,O + 0.1% trifluoroacetic acid, B = ace-
tonitrile + 0.1% TFA).

The X-ray photoelectron spectroscopy (XPS)
measurements were performed by means of Escalab
250Xi, ThermoFisher Scientific with a monochro-
matic AlK, source. High-resolution Cls and Nls
spectra were found for the GC-modified electrodes.
Pre-calibration was based on Au metal (84.0 e¢V). The
pass energy value was 10 eV.

General Procedure for Synthesis
of Amino-9, 10-Anthraquinone Derivatives

1-Chloro-9,10-anthraquinone (4.15 mmol), amine
aliphatic: (1a) (16.888 mmol)/(2a) (13.638 mmol)/(3a)
(20.606 mmol), and anhydrous toluene (80 mL) were
mixed in a 250 mL two-necked round-bottom flask
equipped with a reflux condenser (see Fig. 1). The
reaction mixture was stirred at 80°C for 4 days. The
progress of the reaction was monitored by TLC (SiO,)
in a solvent ratio of methylene chloride : methanol
(1:0.1). After completion of the reaction, the solvent
was evaporated under reduced pressure, the crude
material was purified by column chromatography in
the solvent ratio: pure CH,Cl, : [CH,Cl, : MeOH]
(5:0.1); (1:0.1); (3:2); (1:1)usingsilica gel to afford
anthraquinone derivatives (1), (2), (3). The resulting
fraction with the appropriate compound was dried on
a vacuum evaporator and tested by MALDI-TOF. The
compound for further testing was stored in a desiccator
under reduced pressure. The described general proce-
dure for the synthesis of anthraquinone derivatives is
based on the synthesis schemes described earlier in the
literature [28].

Spectral Data of Anthraquinone Derivatives

Synthesis 1. (1) 1-((2-aminoethyl)amino)-9,10-
anthraquinone

Yields: m = 326 mg; 27%.TLC (SiO,): CH,Cl, :
MeOH (1:0.1); Rf=0.39. 'TH-NMR (CDCl5): 2.85—
2.88(t,2H, CH,—CH,—NH,, J;=J,=7.0 Hz); 3.35—
3.39 (q, 2H, CH,—CH,—NH,, J, = 7.0 Hz; 5.5 Hz;
6.5 Hz,J,=6.0 Hz; 6.25 Hz, J/;= 6 Hz); 7.01—7.03 (d,
1H, H2-Ar, J,=8.0 Hz); 7.46—7.49 (t, 1H, H3-Ar, J, =
7.5 Hz; 8.5 Hz; J, = 8 Hz); 7.52—7.53 (d, 1H, H4-Ar,
J,= 6.0 Hz); 7.62—7.65 (t, 1H, H6-Ar, J, = 6.0 Hz;
9.0 Hz; J, = 7.5 Hz); 7.68—7.70 (t, 1H, H7-Ar, J, =
J,=7.5 Hz); 8.16—8.18 (d, 1H, H5-Ar, J,= 8.5 Hz);
8.20—8.21 (d, 1H, H8-Ar, J, = 8.0 Hz); 9.70 (s, 2H,
—NH,). MALDI-TOF MS: m/z = 268 [M + 2H]",
(m°/z = 266.30 [M]). IR (KBr) (cm™!): 3430, 2956,
2923, 2853, 1740, 1679, 1660, 1593, 1577, 1465, 1443,
1426, 1376, 1353, 1314, 1279, 1262, 1236, 1218, 1175,
1134, 1084, 1054, 1029, 1011, 963, 930, 905, 828, 801,
751, 739, 728, 704. HPLC: ¢, = 9.69 min.
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Fig. 1. Synthesis of 9,10-anthraquinone derivatives.

Synthesis 2. (2) 1-((3-aminopropyl)amino)-9,10-
anthraquinone

Yields: m = 751 mg; 61%.TLC (SiO,): CH,Cl, :
MeOH (1:0.1); Rf = 0.21.'"H-NMR (CDCl,): 1.63—
1.81 (m, 2H, CH,—CH,—CH,—NH,); 2.14—-2.34 (m,
2H, CH,—CH,-CH,—NH,), 3.40-3.64 (m, 2H,
CH,—CH,—CH,—NH,), 7.48-7.50 (d, 1H, H2-Ar,
J,=9.0 Hz); 7.60-7.63 (t, 1H, H3-Ar, J, = 7.0 Hz;
7.5Hz; J, = 7.7 Hz); 7.65-7.66 (d, 1H, H4-Ar, J, =
8.0 Hz); 7.71-7.74 (t, 1H, H6-Ar, J, = 6.0 Hz; 7.0 Hz;
J, = 6.5 Hz); 7.75-7.78 (t, 1H, H7-Ar, J, = 8.0 Hz;
4.0 Hz; J, = 6.0 Hz); 8.20—8.21 (d, 1H, H5-Ar, J,=
8.0 Hz); 8.25-8.27 (d, 1H, H8-Ar, J,= 7.0 Hz).
MALDI-TOF MS: m/z = 282 [M + 2H]*, (m°/z =
280.33 [M]). IR (KBr) (cm™'): 3424, 3267, 2924,
2853, 1665, 1629, 1593, 1573, 1508, 1467, 1404, 1358,

1311, 1268, 1231, 1173, 1154, 1070, 1004, 930, 870, 827,
805, 777, 734, 707. HPLC: ¢, = 6.25 min.

Synthesis 3. (3) 1-((2-((2-aminoethyl)amino)
ethyl)amino)-9,10-anthraquinone

Yields: m = 325 mg; 26%.TLC (SiO,): CH,Cl, :
MeOH (5:0.1); Rf =0.16. '"H-NMR (CDCl,): 1.45—
1.49 (q, 2H, CH,—CH,—NH—-CH,—CH,—NH,, J, =
7.0Hz;7.5Hz;8.0 Hz, J,=J;=7.5Hz);2.92—-2.94 (t,
2H, CH,—CH,—NH—-CH,-CH,—NH,, J, = 7.0 Hz;
4.0 Hz; J, = 5.5 Hz); 2.97-2.99 (t, 2H, CH,—CH,—
NH-CH,-CH,—NH,, J, = 5.0 Hz; 5.5 Hz; J, =
5.0 Hz); 3.10-3.12 (t, 2H, CH,—CH,—NH—-CH,—
CH,—NH,, J, = J,= 6.0 Hz); 3.26—3.30 (t, 2H, CH,—
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CH,—NH—-CH,—CH,—NH,, J; = 9.0 Hz; 8.0 Hz;
J,= 8.5 Hz); 7.12—-7.14 (d, 1H, H2-Ar, J, = 9.0 Hz);
7.57—-7.60 (t, 1H, H3-Ar, J, = 8.5 Hz; 6.0 Hz; J, =
7 Hz); 7.63—7.64 (d, 1H, H4-Ar, J, = 7.0 Hz); 7.75—
2.73 (t, 1H, H6-Ar, J, = J, = 6.5 Hz); 7.80—-7.77 (4,
IH, H7-Ar, J, = 7.5 Hz; 6.5 Hz; J, = 7.0 Hz); 8.15—
8.16 (d, 1H, H5-Ar, J, = 8.0 Hz); 8.20—8.22(d, 1H,
HS8-Ar, J;, =9.0 Hz); 9.85 (s, 1H, —NH). MALDI-TOF
MS: m/z =311 [M+2H]", (m°/z = 309.37 [M]). IR
(KBr) (cm™"): 3380, 3269, 3066, 2961, 2874, 1666,
1629, 1592, 1509, 1462, 1407, 1381, 1307, 1271, 1232,
1174, 1068, 1010, 880, 829, 803, 737, 710. HPLC: ¢, =
5.91 min.

RESULTS AND DISCUSSION
Preparation and Modification of GC FElectrodes

The electrochemical modification of the GC elec-
trode surfaces was carried out in a mixture of diazo-
nium salt of anthraquinone derivatives using a GC
working electrode (see scheme in Fig. 2). In the first
stage, the surface of the working electrode (glassy car-
bon) was polished with 0.05 um of Al,O; “Micropol-
ish” powder by Buehler on a wet pad. After polishing,
to completely remove the alumina from the electrode
surface, the electrode was rinsed with a direct stream
of ultrapure water of conductivity of ca. 0.056 mS/cm.
The electrolyte was then deoxygenated for 15 min to
ensure anaerobic conditions during the measurement.
The last step was washing the electrode in methanol in
an ultrasonic bath for 5—10 min and drying.
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Fig. 2. Scheme of GC electrode surface modification with diazonium salts of anthraquinone derivatives.

The functionalisation of the GC electrodes was
performed by electropolymerisation using cyclic vol-
tammetry. The electrochemical modification of the
GC electrode surface was carried out in a solution of
diazonium salt of anthraquinone derivatives using a
GC working electrode (see scheme in Fig. 2) over
20 scans, at a scan rate 100 mV/s. The cyclic voltam-
metry was performed in the potential range —0.05 V
3-/4-

and 0.6 V (vs. Ag/AgCl) in 0.5 mM Fe(CN),
0.5 M Na,SO, solution at a scan rate 100 mV/s.

Each of the anthraquinone derivatives—(1)
(19.443 mg, 0.0731 mmol), (2) (19.104 mg,
0.0681 mmol), and (3) (22.568 mg, 0.073 mmol)—was
dissolved in 1 mL of concentrated hydrochloric acid
(POCh, Poland). Next, 1 mL of deionised water was
added while stirring the solution, cooled to 0°C in an
ice bath. After 30 min, 12.5 mg (0.1811 mmol) of
sodium nitrite in 1.5 mL of water was added dropwise
to the reaction mixture and stirred in an ice water bath
for 30 min. Each diazonium salt (2 mL) of anthraqui-
none derivatives was placed in an electrochemical cell
with a GC working electrode and the potential was
cycled between 0.5 Vand —0.75 V for 20 scans at a scan
rate of 100 mV s™! (see Fig. 3). The modified elec-
trodes were washed using distilled water and methanol
and dried under a stream of nitrogen [29].

and in

For each of the investigated compounds (1-3), a
significant change in the position of peak current is
observed during each cyclic voltammetry scan during
modification (Fig. 3). For compound (1) a quasi-
reversible oxidation reduction process of anthraqui-
none in acidic solution is observed (Fig. 3a). At the
reduction part of CV at potential of ca. —0.4 V, the
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cathodic current significantly decreases in successive
runs. In the anodic part (+0.14 V) an increase of the
anodic peaks current is observed, which may suggest
that the concentration of electrochemically active
anthraquinone groups are anchored on the electrode
surface.

The electropolymerisation process of the GC elec-
trode surface with the derivative (2) is presented in
(Fig. 3b). In this process, the cathodic peak current
decreased when the electrode was cycled between a
potential of —0.35 and —0.1 V.

Similar behaviour to the case of deposition by
anthraquinone derivatives (2) is observed for the case
of modification by compound (3) (Fig. 3c). Only
decreases of the anodic current are observed. The
value of observed current (around 60—300 pA) was
significantly high than for compounds (1) (around
45 uA). For compounds (2) and (3), no clearly formed
oxidation reduction process of anthraquinone was
observed.

We expect that the anthraquinone derivatives are
deposited on the surface of the electrodes as a result of
the reaction of diazonium derivatives of aliphatic
amino groups [30]. Compound (3) has two amino
groups in an aliphatic chain that can participate in
electrochemical polymerisation via their diazonium
salts [31]. This is probably the cause of differentiation
observed in the current values. Structural differences
in the investigated compounds as well as the number of
available electroactive groups are the reason for the
observed differences in the values of the deposition
currents during modification of GC electrodes.
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Characterisation of GC Electrodes
before and after Modification with Diazonium Salt
Anthraquinone Derivatives—(1), (2), (3)

Each of the GC electrodes was characterised elec-
trochemically, including via cyclic voltammetry mea-
surements, before and after the functionalization of
the the anthraquinone derivatives (1—3). The modifi-
cation process included differences in: (I) the width
of the electrochemical window measured in 0.5 M
Na,SO,, and (II) the efficiency of the electrochemical
process carried out in the solution containing 0.5 mM

Fe(CN):7* in 0.5 M Na,SO, used as a redox probe.

The changes between the bare GC electrode and
the modified GC electrode by diazonium salts (1),
(2), and (3) were investigated by cyclic voltammetry
directly after the modification process.

It can be noticed that after the modification pro-
cess, changes occurred in the electrochemical window
width (Figs. 4a—4c). The black dotted cyclic voltam-
mogram shows a potential window from 1.7 to —1.75V
for the bare GC electrode before modification. The
range of the electrochemical potential window shifts
for electrodes modified by diazonium salts of anthra-
quinone derivatives, as presented in Table 1. In all
cases, the electrochemical potential window has a nar-
rower range.

In order to verify the GC electrode modification by
the (1), (2), (3) diazonium salts of anthraquinone
derivatives, measurements in a solution containing

0.5mM Fe(CN).7*" in 0.5 M Na,SO, were carried
out (Figs. 4d—4f). The black dotted curves present the
electrode measurements before modification. The
peak-to-peak separation (AFE) before modification for
the bare GC electrode was 67 mV. After the modifica-
tion process, changes in electrochemical behaviour are
observed for all electrodes (Figs. 4d—4f). This phe-
nomenon indicates that efficient electropolymerisa-
tion processes occurred on the electrode surfaces. The
cyclic voltammograms presented in Figs. 4d—4f show
the differences between the peak-to-peak separation
(AE), which is 67 mV for the bare GC electrode, while
after modification by compounds (1), (2), and (3),
AF changed to 90, 99, and 131 mV, respectively. This
phenomenon was observed previously by modification
of different electrodes by anthraquinone derivatives.
After the modification process by anthraquinone
compounds, access to the active sites of the GC is
more inhibited [32], and at the electrode surface, a
porous anthraquinone film forms [33]. It can be
noticed that after modification by diazonium salt of
anthraquinone derivative (3), which contains the longest
alkyl chain in the structure (—CH,—NH—Et—NH,), the
value of peak-to-peak separation (AFE) is highest. This
suggests that the grafting efficiency of the electrode by
compound (3) is highest.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 57

249

(@)

st scan

10t scan Compund (1)

(b)

[
—
YN
T

Ist scan

-3 10th scan

Current density, pA cm >

—50 Ist scan ()

A
10th scan @

Compund (3)
1 1

06 04 02 0 -0.2-04-0.6-0.8
FE, Vvs. Ag/AgCl

Fig. 3. Voltammogram of electrochemical modification of
GC electrode using diazonium salts in 0.5 M Na,SOy,
scan rate 100 mV/s.

High-Resolution XPS Spectra
of Modified Glassy Carbon (GC) Electrodes

High-resolution XPS spectra reveal successful
modification of the glassy carbon electrodes, as can be
seen in Fig. 5. These measurements were carried out in
the Cls and N1s region. In the case of Cls, the pri-
mary component at 284.7 eV originates from an over-
lapping signal of graphitic carbon in the electrode sub-
strate [34] and aromatic rings in anthraquinone [35].
The second and third Cls components, positively
shifted at +0.7 and +2.3 eV, contribute to the carbon-
nitrogen bonds in the amine groups, and C=0 bonds
in the anthraquinone molecule [36]. The quantitative
information may be impaired due to surface adventi-
tious carbon contamination [37].

Importantly, the spectral deconvolution of the sig-
nal recorded in the N1s energy range proves the pres-
ence of amine groups, such as in the functionalisation
layer [38]. Its amount appears to be similar for the (1)
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Fig. 4. (a, b, ¢) Electrochemical windows of cyclic voltammetry measured before and after modifications of GC electrodes with
diazonium salts of anthraquinone: (1), (2)_ (3). (d, ¢, f) Cyclic voltammograms measured before and after modifications of GC
electrodes with diazonium salts (1), (2), (3). Measuring range +0.6 to —0.05 V vs. Ag/AgCl electrode, carried out in a standard

solution containing 0.5 mM FC(CN)E_/“‘

and (2) samples, but slightly higher on the surface of
the (3) electrode. A detailed analysis of the deconvo-
luted data is summarised in Table 2.

Reduction of Oxygen at GC Electrodes
Modified by Derivatives of Anthraquinone

The voltammograms of GC electrodes modified
by (1), (2), (3) derivatives of anthraquinone have been
studied towards oxygen reduction. All measurements
were carried out in 0.5 M Na,SO, aqueous and non-
aqueous DMSO solutions without oxygen, and in sat-
urated solutions reaching an oxygen solubility of
8 mg/dm?and 70.4 mg/dm?, respectively [39, 40]. The
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in 0.5 M Na,SOy, scan rate 100 mV/s.

obtained cyclic voltammograms are presented in
Fig. 6, with the cyclic voltammograms recorded for
bare GC.

All performed experiments, recorded on electrodes
modified by anthraquinone derivatives, show
enhanced efficiency and increased intensity of all
reduction peaks both in aqueous and non-aqueous
solutions.

The GC electrodes modified with compounds (1),
(2), (3) under the influence of an applied voltage and
a subsequent reaction with oxygen give an explicit
response on the voltammograms of the reduction of
O, present in an aqueous solution [41]. The noticeable
changes of peak splitting between peaks indicate the
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Table 1. Electrochemical window potential range of modified and bare GC electrode, differences in electrochemical pro-
cess effectiveness before and after modification processes in particular measurement range and standard solution contain-

ing 0.5 mM Fe(CN): 7% in 0.5 M Na,SO,

. Limit of reduction potentials Limit of oxidation Effectiveness of electrochemical
Modification E. .V E_ vV AE and ¢
red> x> processes AE and measurements ranges
Bare GC electrode 1.7 —1.75 67 mV
@) 1.9 —1.75 90 mV
E=+0.6t0—-0.05V
2) 1.8 —-1.9 99 mV
E=+0.6t0 -0.05V
3) 1.78 —1.75 131 mV
E=+10t0o-0.25V

possibility of water-dissolved oxygen reduction with
the modified GC electrodes. These results are also
reported by Kocak and Jiirmann et al. [42, 43], who
report that anthraquinone-modified GC electrodes
are able to catalyse the reduction of oxygen. They
showed that the main product of oxygen reduction was
hydrogen peroxide. In the DMSO solution, the shapes

of the obtained cyclic voltammograms are different,
but it clearly suggests that oxygen reacts most effec-
tively with derivative (3)—anthraquinone derivatives
containing a —CH,—NH—-Et—NH, chain in the
structure.

Furthermore, the most significant changes are
observed for the electrode modified by derivative (3)

(a) (b) (c)
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Fig. 5. High-resolution XPS spectra recorded in the Cls range for modification of GC electrode by compounds: (a) (1); (b) (2);
(¢) (3). Spectra recorded in N 1s range for GC electrode modified by compounds: (d) (1); (e) (2); (f) (3).
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Table 2. High-resolution XPS spectra for different GC-modified electrodes
Cls Nls Ols
Chemical state
CcC CN/CO CcC=0 >NH —NH, CO/C=0
Binding energy, eV 284.7 285.4 287.0 399.5 401.0 532.1
1 63.7% 25.3% 5.3% 0.9% 0.4% 4.4%
?2) 64.5% 21.5% 4.8% 0.9% 0.4% 7.9%
3) 63.9% 21.7% 5.1% 1.4% 0.4% 7.5%
in a 0.5 M Na,SO, solution (Fig. 6¢c). On the cyclic CONCLUSIONS
voltammograms obtained in a solution saturated by . i ) .
oxygen registered at the electrode modified by deriva- Summarising, various anthraquinone-modified

tive (2), one cathodic peak is present which is similar
to those obtained for the bare GC electrode (Fig. 6b).
During measurements of electrodes modified by
derivatives (1) and (3), two peaks are present on the
cyclic voltammograms (Figs. 6a, 6¢). In the case of the
electrode modified by derivative (3), these peaks are
higher, which suggests that modification by com-
pound (3) is most effective in the reaction of oxygen.

The reduction of O, at anthraquinone modified
glassy carbon electrodes is explained by the mecha-
nism given below to proceed through the reaction of
oxygen with the anthraquinone radical anion [44—48].

The reaction is described by equation (1):

Q+e—>Q, 1

where Q corresponds to the anthraquinone species.
The rate-determining step and the overall rate are
determined by the surface concentration of AQ [49].
The superoxide anion can be further reduced as shown
in (2) or disproportionate on the electrode surface (3):

Q +0, >0, +Q, ?2)
20, + H,0 - 0, + HO, + OH". 3)

Both of these processes are considered to have high
efficiency and lead to the formation of peroxide, or
undergo further reduction to H,O, in accordance
with (4):

0, + H,0 +e — HO; + OH". (4)

Thus, carbon electrodes modified with quinone
derivatives could be used to yield peroxide in these sys-
tems. The obtained AQ-modified glassy carbon elec-
trode has shown high electrocatalytic activity for oxy-
gen reduction as expected from the proposed mecha-
nism. This fact indicates that the reduction of oxygen
in a non-aqueous environment is related to the stabili-
sation of the radical-anion QA and the dianion AQ?*".
Essentially, in non-aqueous solutions, we observe a
greater stabilisation of the anion radical [50] or/and
probably the formation of a molecular complex
reduced form of oxygen an anthraquinone molecule
anchored on the surface of the electrode [51].
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GC electrodes were studied towards the electrochem-
ical reduction of oxygen in aqueous and non-aqueous
solutions. The reaction of 1-chloro-9,10-anthraqui-
none with aliphatic diamines led to various anthraqui-
none derivatives being obtained. The obtained (1-3)
derivatives were grafted to the surface of glassy carbon
electrodes using its diazonium salt.

This process was based on the reaction of primary
amino groups of selected anthraquinone derivatives to
their diazonium salts, followed by the addition of the
anthraquinone derivatives to the GC electrode with
the N, release.

GC electrodes modified with derivatives (1), (2),
(3) exhibit shifts in their electrochemical windows.
After the modification of the GC electrodes changes
in electrochemical windows can be noticed which
proves an interaction with the oxygen in DMSO and
Na,SO, solutions.

Changes in the oxygen determination efficiency
depend mostly on the length of the side chain of the
anthraquinone derivative grafted onto the GC elec-
trode. The obtained results indicate that the GC elec-
trode modified with an AQ derivative with the —CH,—
NH—-Et—NH, side chain shows the most efficient
oxygen response in an aqueous solution. For this elec-
trode, the increase of oxygen determination efficiency
is doubled in comparison to a bare glassy carbon sur-
face. In contrast, the oxygen dissolved in a non-aque-
ous solution (DMSO) results in the most significant
changes for the electrode modified by derivative (3) of
anthraquinone. This study shows that GC electrodes
modified by anthraquinone derivatives are sensitive
towards oxygen reaction in both aqueous and non-
aqueous solutions.
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