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Abstract The electrochemical oxidation of p-phenylenediamine (PPDA)
was investigated in aqueous media over a wide pH range using cyclic
voltammetry, controlled-potential coulometry, conductometric titration, and
spectroscopic techniques. The results demonstrate that PPDA undergoes a
two-electron, two-proton oxidation to form p-quinonediimine as the primary
electroactive intermediate. The subsequent chemical behavior of this
intermediate 1s strongly dependent on the solution pH. It is hydrolyzed in
acidic media (pH lower than 4.0) and converted to p-benzoquinone via two
successive hydrolysis reactions. At intermediate and weakly alkaline pHs, p-
benzoquinonediimine is trimerized via two successive Michael addition
reactions. Moreover, the protonation of p-phenylenediamine and the
produced p-quinonediimine at various pHs was studied using
conductometry. This work also provides a facile and one-pot electrochemical

method for synthesizing a novel trimer of p-phenylenediamine via the
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electrochemical oxidation of PPDA under green conditions using a carbon
electrode.
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Introduction

The electrochemical oxidation of amines has been studied by many
researchers, and various products have been reported [1-5]. Published results
showed that the electrochemical oxidation of aromatic amines is complex,
and the products vary greatly depending on their structure and electrolysis
conditions, using aqueous or non-aqueous, and neutral, acidic, or basic
conditions [6-8]. Because the conversion of >C=N to >C=0 and vice versa
1s important in biochemical processes, various researchers have studied the
hydrolysis of amines and formation of Schiff bases [9, 10]. The hydrolysis
of benzoquinoneimines resulting from the oxidation of amines occurs mainly
in acidic solutions, and the hydrolysis rate varies depending on the structure
of the species and the pH of the solution [11, 12]. The hydrolysis rate of
some amines increases with increasing pH whereas that of others decreases
under the same conditions [13]. Owing to the behavioral diversity of para-
phenylenediamine (PPDA), various studies have been conducted on its
electrochemical oxidation [14-17]. Although various research groups have
published their research results on the electrochemical oxidation of PPDA,
there are few reports have been published on the product obtained from its
electrochemical oxidation. In this study, the electrochemical oxidation of
PPDA was investigated using cyclic voltammetry (CV) and controlled

potential coulometry methods. Conductometry titration and the potential-pH
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diagram of PPDA, were used to study the properties and chemical stability
of various kinds of PPDA and p-quinonediimine. Our results show that the
hydrolysis rate is high at acidic pH, but it decreases with increasing pH, and
the trimerization reaction dominates at intermediate pH. This work also
provides a facile and one-pot electrochemical method for synthesizing a
novel p-Phenylenediamine derivative via the electrochemical oxidation of
PPDA under green conditions, without toxic reagents and solvents using a

carbon electrode in a divided cell.

Results and Discussion

Potential-pH study

Figure 1 presents the cyclic voltammogram of 1.0 mM p-
phenylenediamine (PPDA) recorded in an aqueous acetate buffer solution
(0.2 M, pH 4.1). The voltammogram exhibits an anodic peak (A ;) during the
forward scan and a corresponding cathodic peak (C;) on the reverse scan,
which are attributed to the interconversion of PPDA (1H') and p-
quinonediimine (1Hox"). This redox transformation proceeds through a
quasi-reversible two-electron process [18]. Under these experimental
conditions, the ratio of the cathodic to anodic peak currents (Zpci/lpa1) 1S

approximately unity, indicating that the electrochemically generated species,
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1Hox", remains sufficiently stable on the voltammetric time scale and does

not undergo significant side reactions during the experiment.

10
I/pA A,

C,

0.05 0.2 0.35 0.5 0.65

Evs. (Ag/AgCl)/ V

Figure 1. Cyclic voltammogram of 1.0 mM PPDA (1H") at a glassy carbon
electrode in acetate buffer solution (c =0.2 M, pH=4.1). Scan rate: 25 mV/s,

t=25 °C.

Figure 2-1 displays the cyclic voltammograms of PPDA (1) recorded at
different pH wvalues. Since protons participate in the electrochemical
oxidation of PPDA to its corresponding p-quinonediimine species [19],

increasing the pH causes the anodic peak potential (E,a;1) to shift toward
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more negative values. The dependence of the anodic peak potential on pH

can be expressed by the following equation:

EpA1 = Epo - 2303(1’1’1RT/2F) pH

Where m is the number of protons involved in the electrode reaction, Ey is
the anodic peak potential at pH 0.0, R is the universal gas constant, T is the
absolute temperature, and F is the Faraday constant.

The E—pH plot was constructed by plotting the values of E,a; against pH
(Figure 2-II). As shown, Epa; shifts linearly toward more negative potentials
with a slope of approximately 62 mV per pH unit. This value is in close
agreement with the theoretical slope of 59 mV pH™ for a reaction involving
two protons (m = 2). Based on this result, it can be concluded that the
electrode process proceeds via a two-electron/two-proton mechanism

throughout the investigated pH range (Scheme 1).
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4  at a glassy carbon electrode. pHs from (a) to (g) are 2.0, 3.0, 4.0, 5.0, 6.0,
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7.0 and 8.0. Scan rate 25 mV s!, t=25 °C. (II) Potential-pH diagram of

PPDA.

Figure 3 presents the cyclic voltammograms obtained at different pH
values. The results clearly demonstrate that the electrochemical response is
strongly pH-dependent. At pH 3.5 (CV-a), the cathodic-to-anodic peak
current ratio (/,ci1/lpa1) 1s smaller than unity, and an additional cathodic peak
(Co) appears at potentials more negative than C;. The presence of the
additional cathodic peak C, indicates that the -electrogenerated p-
quinonediimine is unstable and undergoes a subsequent chemical following
reaction, and peak C, can be attributed to the electroactive product generated
through this follow-up reaction. However, upon increasing the pH by 0.6
unit, peak C, disappears and the cathodic-to-anodic peak current ratio
(Ipc1/Ia1) approaches unity (CV-b). In other words, under these conditions,
the rate of the subsequent side reaction decreased, and the stability of the p-
quinonediimine species increased.

At pH values higher than 5, the electrogenerated p-quinonediimine again
becomes less stable and undergoes a subsequent chemical reaction. As
shown in CV-c (pH 7.0), an additional anodic peak (A,) appears at potentials
more positive than A;. Furthermore, the ratio of cathodic to anodic peak

currents (/,c1/Ipa1) 1s lower than unity, indicating that the electrogenerated p-
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quinonediimine is unstable on the timescale of the voltammetric experiment
and participates in a follow-up chemical reaction, leading to the appearance
of the anodic peak A,. Interestingly, further increases in pH suppress the
follow-up chemical reaction and thereby enhance the stability of the
electrogenerated p-quinonediimine species. CV-d of this figure, recorded at
pH 8.3, illustrates this behavior. Under these conditions, the ratio of cathodic
to anodic peak currents (Z,c1/lpa1) 1s approximately unity, indicating that the
electrogenerated p-quinonediimine remains stable on the voltammetric

timescale and does not undergo significant follow-up reactions.
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Figure 3. CVs of 1.0 mM PPDA in buffer solution with various pH values at
a glassy carbon electrode. pHs: (a) = 3.5, (b) = 4.1, (¢c) = 7.0 and (d) = 8.3.

Scan rate 10 mV s~ !, t=25 °C.

Amines behave as Bransted bases in aqueous solutions and are converted
into ammonium ions by accepting protons from water molecules. As the pH
increases, the protonation equilibrium shifts toward the neutral amine form,
and the ammonium ions gradually undergo deprotonation. Consequently, the
conductivity of the solution changes. Therefore, monitoring conductivity as
a function of pH can be employed to investigate the acid—base behavior of
amines and to determine their pKa values [20].

For this purpose, a 200 mL solution containing 0.006 M HCl and 0.0025
M PPDA (1) was titrated with 0.1 M sodium hydroxide, and a conductivity
vs. titrant volume plot was constructed. The resulting curve consists of three
linear regions with different slopes. Initially, HCI, being the stronger acid,
reacts with NaOH, resulting in a decrease in conductivity and hence a
negative slope in the conductivity plot. Subsequently, the ammonium ion,
which is a weak acid, reacts with NaOH. Since the conductivities of
ammonium and sodium ions are relatively similar, the conductivity increases
only slightly, giving rise to a region with a small positive slope. Finally, as

the concentration of NaOH increases beyond the equivalence point, the

10
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conductivity of the solution increases due to the presence of excess
hydroxide ions in the medium (Figure 4). The pH of the solution was
measured simultaneously using a pH meter, and a value of 7.91 was obtained
at the equivalence point. Accordingly, PPDA is predominantly present in its
unprotonated form at pH values higher than 7.91, while protonated species

predominate at pH values lower than 7.91.

2750

2250

A (ohm! em™)

1750

A=95.443V -599.71
R?=10.999

1250
0 A= 4.357 V + 826.46
R? = 0.996
250
0 5 10 15 20 25 30
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Figure 4. Conductometry titration 200 ml aqueous solution containing 0.006

M of HCl and 0.0025 M PPDA with sodium hydroxide 0.1 M.

11
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<Scheme 1>

Although conductometric measurements indicated that PPDA (1)
remains protonated at pH values below 7.91, the compound exhibits two
distinct electrochemical behaviors below pH 4.0 (Fig.3- CV-a) and above
this value (Fig.3- CV-b). Moreover, the invariance of the slope of the

potential-pH plot (Figure 2-II) suggests that the proton-to-electron ratio in
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the redox process remains constant over the entire pH range studied.
Therefore, it appears that PPDA (1) exists in a diprotonated form (1H") at
pH values below 4.0, whereas at pH values 4.0-7.9 it is predominantly
present in a monoprotonated (1H") form. Also, the electrogenerated p-
quinonediimine is diprotonated form (1Hz0x>") at pH values below 4.0, and
at pH values 4.0-7.9 it is predominantly present in a monoprotonated

(1Hox") form (Scheme 1).

Electrochemical behavior of PPDA (1) in acidic media (pH lower

than 4)

Figure 5 shows the first and second cyclic voltammograms of PPDA
(1Hz?*) recorded in an aqueous phosphate buffer solution at pH 2.0. In CV-
a, one anodic peak, A, at 0.49 V and two cathodic peaks, C, and C,, at 0.42
V and 0.33 V versus the Ag/AgCl reference electrode, respectively, are
observed. The anodic peak A; and the cathodic peak C; constitute a redox
couple and correspond to the conversion of 1H:** to p-quinonediimine
(1Hz20x**) and its subsequent reduction back to 1H»** through a quasi-
reversible two-electron process. The fact that the peak current ratio (Zpci/Ipa1)
is smaller than unity indicates that the electrogenerated p-quinonediimine

species, 1H,o0x?*, is unstable under the experimental conditions and

13
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participates in a follow-up chemical reaction. The cathodic peak current, C,,
exhibits a significant dependence on the scan rate and increases with
increasing scan rate. Furthermore, during the second potential cycle, a new
anodic peak (Ao) emerges at less positive potentials. The Ay/Cy redox couple
is associated with a new electroactive species generated on the electrode
surface. On the basis of the previously published voltammetric and
coulometric studies [18, 21], it is proposed that PPDA (1H**) undergoes a
two-electron/two-proton oxidation to generate the corresponding p-
quinonediimine species, 1Hzox**. The resulting p-quinonediimine is
chemically unstable and is converted into p-benzoquinone (BQ) through two
successive hydrolysis steps, as depicted in scheme 2.

Therefore, peaks A/C; constitute the redox couple corresponding to the
PPDA (1H;*")/p-quinonediimine (1Hz0x**) system, whereas peaks Aq/Co

correspond to the hydroquinone (HQ)/p-benzoquinone (BQ) redox couple.

14



IlpA

o = N W R U N ]

0.1 0.2 0.3 0.4 0.5 0.6 0.7
L vs. (Ag/AgCl)/ V

2 Figure 5. The first (a) and the second (b) CVs of 1.0 mM PPDA (1H*"),
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Electrochemical oxidation of PPDA in aqueous solutions at pH 4.0-7.9
Figure 7 shows the cyclic voltammogram of 1.0 mM PPDA recorded
in an aqueous phosphate buffer solution (0.2 M, pH 6.0) at a scan rate of 100
mV s7'. In this voltammogram, an anodic peak (A) is observed during the
forward scan together with a corresponding cathodic peak (C,) in the reverse
scan. These peaks are attributed to the conversion of PPDA (1HY) to p-
quinonediimine (1Hox") and its subsequent reduction back to PPDA through
a quasi-reversible two-electron process. The peak current ratio (Zpci/Ipa1) 18
smaller than unity, indicating that the electrogenerated species 1Hox" is
unstable under these conditions and undergoes a subsequent chemical
reaction. The anodic peak A, corresponds to the oxidation of a product

formed at the electrode surface.

16
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Figure 6. Cyclic voltammogram of 1.0 mM PPDA (1H") at a glassy carbon
electrode in phosphate buffer solution (c = 0.2 M, pH = 6.0). Scan rate: 10

mV/s, t=25 °C.

The effects of both the potential scan rate and the concentration of PPDA
(1H") were investigated, and the results demonstrated that the peak current
ratio ([,ci/Ipa1) depends on both of these parameters. Figure 7 shows the
normalized cyclic voltammograms of 1.0 mM PPDA (1H*) in aqueous
phosphate buffer (0.2 M, pH 6.0) recorded at various scan rates. The

normalized CVs are obtained by dividing the current by the square root of

17



1 the scan rate (I/v'?). With decreasing scan rate, the peak current ratio
2 (Ipci/Ipar) decreases, while a new anodic peak (A) emerges at more positive
3 potentials. These results indicate that at lower scan rates, the
4  electrogenerated species has a longer lifetime and therefore a greater
5 opportunity to participate in subsequent chemical reactions, leading to the

6 formation of a new product.

100

80
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(=]}
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th

7 E vs. (Ag/Ag(Cl)/ V

8 Fig. 7. Normalized CVs 2.0 mM of PPDA (1H") at glassy carbon electrode
9 in phosphate buffer solution (¢ = 0.2M, pH = 6.0), at various scan rates. Scan
10 rates from (a) to (c) are 10, 25 and 100 mV s

11
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The obtained voltammograms also revealed that increasing the concentration
of PPDA (1H") has an effect similar to that of decreasing the potential scan
rate. Figure 8 illustrates the influence of PPDA (1H") concentration on the
normalized cyclic voltammograms recorded at pH 6.0. These normalized
voltammograms were obtained by dividing the current by the concentration
(I/c). As shown in this figure, increasing the concentration of PPDA leads to
a decrease in the peak current ratio (/,ci/lpa1), while the ratio (Z,a2/Ipa1)
increases. The dependence of the peak current ratio (/,ci//,a1) on PPDA
concentration is indicative of a dimerization reaction occurring subsequent
to the electron-transfer process [22 p. 498]. Furthermore, the appearance of
the anodic peak A, indicates that the product formed at the electrode surface

1s oxidized at a more positive potential than PPDA [23].

19
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Figure 8. Normalized CVs of PPDA (1H") at glassy carbon electrode, in
phosphate buffer solution (c = 0.2 M, pH 6.0) at various concentrations.(a)
0.5 mM, (b) 1.0 mM and (c) 2.0 mM. Scanrate = 10 mV s!, t =25 + 1-C,
Controlled-potential coulometry was carried out in an aqueous phosphate
buffer solution (0.2 M, pH 6.5) containing 0.32 mmol of PPDA at a potential
of 0.21 V versus Ag/AgCl. The progress of the electrolysis was monitored
by cyclic voltammetry (Figure 9). The results showed that the anodic peak
A, gradually decreased in intensity during electrolysis and disappeared

completely when the charge consumed reached approximately 2 electrons

20
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per PPDA molecule. The resulting product was extracted with ethyl acetate

and characterized by IR, 'H NMR, and *CNMR spectroscopy.
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E vs. (Ag/AgCly/ V
Figure 9. CVs of 0.32 mmol PPDA (1H") during controlled potential
coulometry at 0.21 V vs. Ag/AgCl in aqueous solution containing phosphate
buffer (pH 6.5, ¢ = 0.2 M), after the consumption of: (a) 0 C, (b) 15 C, (¢) 30

C, (d) 45 C and (d) 65 C. Scan rate: 50 mV s!, t=25 °C.

On the basis of the voltammetric and coulometric findings, as well as the
spectroscopic characterization of the isolated product, the reaction
mechanism shown in scheme 3 is proposed for the electrochemical oxidation

of PPDA at pH 6.0. Initially, p-quinonediimine 1ox is generated through the

21
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electrochemical oxidation of PPDA. Subsequently, a Michael-type addition
reaction takes place between PPDA and p-quinonediimine 1ox, leading to
the formation of intermediate 1a. Since the oxidation of 1la is
thermodynamically more favorable than that of PPDA (1), 1a is readily
oxidized under the applied potential to give intermediate 1b. In the next step,
intermediate 1b reacts with compound 1, and the resulting adduct undergoes
aromatization to afford intermediate 1¢. Finally, 1¢ is oxidized to form the
final product 1d. Because the oxidation of 1d requires a more positive
potential than the oxidation of PPDA (1), the final product 1d is not further
oxidized under the experimental conditions. As illustrated in scheme 3, three
different trimeric products (T-I, T-II, and 1d) could be formed. However,
the experimental '"HNMR data for the aromatic protons revealed the presence
of a doublet integrating for eight protons and a singlet integrating for two
protons. The singlet signal was assigned to protons H; and H,, whereas the
doublet was attributed to protons H3—H o in trimer 1d. These spectral features
are inconsistent with the proposed structures T-I and T-II and provide

evidence in support of structure 1d as the isolated product.

22



NH2 NH H2N NHZ
-2H+, -2e- © ©7NH
T — + —_—
1a
NH2 NH NH2 NH2 ©
NH,
-2H+, -2e-
NH,
N NH,
|
+
NH,
NH NH;
NH; |,
oghel
HN NH, NH,
©‘NH
NH,
NH
2H+, -2e- 2 : NH
H NH, :
N: H, NH,
3 -2H+, -2e-
-2H+, -2e-

<Scheme 3>

23



1  Electrochemical Oxidation of PPDA at pH > 8.0

2 The cyclic voltammogram of a 1.0 mM PPDA solution at pH 8.2 is shown
3 in Figure 10. As can be seen, the cathodic-to-anodic peak current ratio
4 (Ilpci/loar) 1s approximately unity, indicating that the electrogenerated p-
5 quinonediimine is stable under these conditions and does not undergo any
6 significant follow-up chemical reaction on the voltammetric time scale. This
7  behavior demonstrates that the rate of trimerization is pH-dependent. At pH
8  values above 8.0, the trimerization reaction becomes sufficiently slow that it
9 cannot be detected within the voltammetric time scale of the experiment.

6

Al
I/pA

C,

-0.15 -0.05 0.05 0.15 0.25 0.35

E vs. (Ag/AgCl)/ V
10

11 Figure 10. Cyclic voltammogram of 1.0 mM PPDA (1) at a glassy carbon
12 electrode in phosphate buffer solution (¢ = 0.2 M, pH = 8.3). Scan rate: 10

13 mV/s, t=25 °C.
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1 To further investigate the electrochemical behavior, controlled-potential
2 coulometry was performed in an aqueous phosphate buffer solution (0.2 M,
3 pH 8.3) containing 0.52 mmol of PPDA at a potential of 0.12 V versus
4 Ag/AgCl. The progress of electrolysis was monitored by cyclic
5 voltammetry. The results showed that the anodic peak A; gradually
6 decreased during electrolysis and disappeared completely when the
7  consumed charge corresponded to approximately two electrons per PPDA
8 molecule. The resulting product was extracted with ethyl acetate and
9 analyzed by "THNMR spectroscopy. The obtained results were found to be

10  consistent with those obtained for the electrolysis performed at pH 6.5.
55

IlnA =
45

Progress of
35 coloumetry

a
25

15

-15

&
0.1 0 0.1 0.2 0.3
Evs. (Ag/AgCl)/ V

-25

11

25



10

11

12

13

14

15

16

17

18
19

20

21

Figure 11. CVs of 0.5 mmol PPDA (1) during controlled potential
coulometry at 0.12 V vs. Ag/AgCl in aqueous solution containing phosphate
buffer (pH 8.5, c = 0.2 M), after the consumption of: (a) 0 C, (b) 25 C, (c) 50

C, (d) 71 C and (d) 98 C. Scan rate: 50 mV s !, t=25 °C.

Conclusion

Electrochemical oxidation of para-diaminephenyl (PPDA) investigated in
aqueous solutions with different pH values. The results of this study show
that PPDA is oxidized to p-quinonediimine. In the next step, the produced p-
quinonediimine participates in hydrolysis (scheme 2) and trimerization
(Scheme 3) reactions based on the pH of the solution. Conductometry
titration and the potential-pH diagram of PPDA were used to study the
properties and chemical stability of various kinds of PPDA and p-
quinonediimines. Under these conditions, p-quinonediimine produced via
trimerization and electrochemical oxidation is converted to (E)-N1-((E)-2,5-
diamino-4-(4-aminophenylimino)cyclohexa-2,5-dienylidene)benzene-1,4-

diamine (1d).
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Experimental
Apparatus and reagents

An Ivium potentiostat/galvanostat (model vertex) was used for the
voltammetric study. A glassy carbon disc (1.8mm diameter) and a platinum
wire were used as the working electrode and counter electrode, respectively,
in the voltammetry experiments. The working electrode used in controlled-
potential coulometry was an assembly of four carbon rods (28 ¢cm?), and a
large platinum gauze constituted the counter electrode. The working
electrode’s potential was measured versus standard Ag/AgCl (all electrodes
from AZAR Electrode). Controlled-potential coulometry experiments were
performed using coulometry BHP 2050 potentiostat/galvanostat (Iran)
equipped with a digital coulometer. All chemicals were reagent- grade
materials, from Aldrich and E. Merck. These chemicals were used without
further purification. The phosphate buffer solution (H;PO4/NaH,PO,4) was
prepared by dissolving appropriate amounts of phosphoric acid (H3;POs). The
pH was then adjusted to 2.0 using concentrated sodium hydroxide and the
volume was completed to 0.5 L with deionized water (c = 0.2 M). The same
procedure was used to prepara acetate (pH 4-5), H;PO4/ NaH,PO4 (pH 3)
and NaH,PO4/Na,HPO, (pH 6-8.5) buffers. All experiments were conducted

at room temperature.
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Synthetic procedures
An aqueous solution (120 mL) of phosphate buffer (0.2 M, pH 6.5),
containing 0.5 mmol of diaminephenyl (1), was electrolyzed at 0.21 V vs.
Ag/AgCl electrode in a divided cell. The electrolysis progress was monitored
using cyclic voltammetry on the glassy carbon electrode. Electrolysis was
performed for 5 h. The electrolysis was terminated when the monitoring
current (measured on the glassy carbon electrode) decreased by>95%. At the
end of the electrolysis, the pH of the solution was adjusted to 8.2 by adding
2 M aqueous NaOH and then extracted with ethyl acetate (2% 30 mL). The
separated organic layer was dried over Na,SO4 and filtered. The crude
product was collected after the evaporation of the solvent, and the product
was characterized by spectroscopic techniques including FT-IR (Fourier
Transform Infrared Spectroscopy), 'HNMR and *CNMR. The isolated yield
of 1d is 56%.
Characteristic of Product (1d). IR(KBr) 499.36, 554.87, 603.09, 831.91,
1147.23, 1168.05, 1237.46, 1279.75, 1360.88, 1430.49, 1503.11,
1513.83, 1566.46, 1605.79, 1703.55, 2926.19, 2975.67, 3034.50,
3215.76, 3336.72, 3418.68 cm™'; 'TH NMR, d(300 MHz DMSO-d¢) 5.74
(s, 2H (H-1, H-2)), 6.06 (br, NH>»), 6.64 (d, 8H (H-3, H-10)). 13C NMR,
d (75 MHz, aceton-d6) 91.21, 114.89, 122.77, 140.54, 145.37, 148.79,

135.75.
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Figure Captions:

Figure 1. Cyclic voltammogram of 1.0 mM PPDA (1H") at a glassy carbon
electrode in acetate buffer solution (c =0.2 M, pH=4.1). Scan rate: 25 mV/s,
t=25 °C.

Figure 2. (/) CVs of 1.0 mM PPDA in buffer solution with various pH values
at a glassy carbon electrode. pHs from (a) to (g) are 2.0, 3.0, 4.0, 5.0, 6.0,
7.0 and 8.0. Scan rate 25 mV s !, t=25 °C. (II) Potential-pH diagram of
PPDA.

Figure 3. CVs of 1.0 mM PPDA in buffer solution with various pH values at
a glassy carbon electrode. pHs: (a) = 3.5, (b) = 4.1, (¢c) = 7.0 and (d) = 8.3.
Scan rate 10 mV s, t=25 °C.

Figure 4. Conductometry titration 200 ml aqueous solution containing 0.006

M of HCl and 0.0025 M PPDA with sodium hydroxide 0.1 M.
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Figure 5. The first (a) and the second (b) CVs of 1.0 mM PPDA (1H»?"),

1

scan rate: 25 mV s, at a glassy carbon electrode, in phosphate buffer

solution (c = 0.2 M, pH = 2.0), t=25 °C.

Figure 6. Cyclic voltammogram of 1.0 mM PPDA (1H") at a glassy carbon
electrode in phosphate buffer solution (c = 0.2 M, pH = 6.0). Scan rate: 10
mV/s, t=25 °C.

Fig. 7. Normalized CVs 2.0 mM of PPDA (1H") at glassy carbon electrode
in phosphate buffer solution (c = 0.2M, pH = 6.0), at various scan rates. Scan
rates from (a) to (c) are 10, 25 and 100 mV s,

Figure 8. Normalized CVs of PPDA (1H") at glassy carbon electrode, in
phosphate buffer solution (¢ = 0.2 M, pH 6.0) at various concentrations.(a)
0.5 mM, (b) 1.0 mM and (c) 2.0 mM. Scanrate = 10 mV s!, t =25 + 1°C.
Figure 9. CVs of 0.32 mmol PPDA (1H") during controlled potential
coulometry at 0.21 V vs. Ag/AgCl in aqueous solution containing phosphate
buffer (pH 6.5, ¢ = 0.2 M), after the consumption of: (a) 0 C, (b) 15 C, (¢) 30
C, (d) 45 C and (d) 65 C. Scan rate: 50 mV s, t=25 °C.

Figure 10. Cyclic voltammogram of 1.0 mM PPDA (1) at a glassy carbon
electrode in phosphate buffer solution (¢ = 0.2 M, pH = 8.3). Scan rate: 10

mV/s, t=25 °C.
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Figure 11. CVs of 0.5 mmol PPDA (1) during controlled potential
coulometry at 0.12 V vs. Ag/AgCl in aqueous solution containing phosphate
buffer (pH 8.5, c = 0.2 M), after the consumption of: (a) 0 C, (b) 25 C, (c) 50

C, (d) 71 C and (d) 98 C. Scan rate: 50 mV s !, t=25 °C.
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