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Abstract: Conducting polymers are among the most used organic materials so far. Their use as
electrode modifiers in electroanalysis includes the active intervention in the electroanalytical process,
like electrochemical transfer mediation, which increases the affinity between the electrode and the
analyte. The conjugated dyes are one of the most popular monomers for electrochemical
polymerization. This work brings a brief review of the dye electropolymerization technique and the use
of dye polymeric coatings in electrochemical sensing.
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1. Introduction

Conducting polymers are one of the most used organic materials during the last five
decades [1 — 8]. Possessing the prolonged conjugated double-bond system (which may be
aromatic or not) and being capable of combining the properties of plastics and metals with the
facility of modification, it is widely used in corrosion protection, capacitor systems,
transductors, OLEDs, energy conversion, and electroanalytic [9 — 15].

Generally, the most used conducting polymers are based on small monomer molecules
like pyrrole [16 — 20], thiophene [21 — 25], aniline [26 — 32]. These monomers are relatively
cheap and easy to polymerize in chemical or electrochemical ways on metallic and carbon
electrodes. Nevertheless, like common organic dyes, the larger molecules may also be used as
a monomer for electropolymerization [33 — 119].

In this paper, a brief review of electropolymerization of conjugated dye molecules is
given in order to systematize the information concerning dye polymers and their use in sensing,
known by far.

2. General statements on electropolymerization mechanism

The electropolymerization of the conjugated compounds is usually given by a cation-
radical mechanism, considering the main Diaz path, modified by the Kim mechanism [1 — 32].
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In the first stage, the monomer loses an electron, being thereby transformed into the cation-

radical (1):

X X
M
where X = CH = CH, CH = N (or other pnictogen element), NH (rarely, other pnictogen
analogous group), chalcogen atom (generally O, S, more rarely Se, Te).
By this, the cation-radical may interact (2) with another cation-radical (classical Diaz

interaction):
293 _ [\ X
X

2H X \ /
* )

or with a non-oxidized monomer molecule by the electrophylic aromatic (3) substitution
mechanism (Kim interaction):

u /A

“2H -e- X \ /

@)

Either way, the dimer is formed. Its oxidation also yields the cation-radical, which
grows by the same path as in (1 — 3), yielding oligo- and polymeric molecules. The
electropolymerization yields the conducting polymer in the doped form, in which the dopant
counter-ions compensate the cationic centers. The dopant is generally removed by polarization
change, reducing the polymer conductivity.

As for the polymerization over a carbon-based electrode, the grafting scenario,
including the bonding between the carbon surface and the resulting polymer, is also foreseen
and experimentally observed in [1 — 49]. The mechanism (1 — 3) is valid for the direct
electrochemical polymerization of different conjugated aromatic monomers, including the
fused and condensed rings.

As for dyes electropolymerization and copolymerization [35 — 119], it is generally
realized for electroanalytical and energy-conversion purposes over carbon materials. Their
polymerization potential and the electroanalytical affinity of their polymers will strongly
depend on their chemical composition. It is known that, generally, the polymerization potential
of aromatic molecules possessing donating groups is lower, and of those possessing accepting
groups is higher [1 — 34]. Also, considering that the majority of dye polymers assist proton
transference in electroanalytic, their efficacy for this purpose will be different.

In this work, the electropolymerization of three major dye classes (triphenylmethanes,
azo-dyes, and condensed aromatic dyes) for electroanalytical purposes will be briefly reviewed,
described, and approached.

3. Results and Discussion
https://biointerfaceresearch.com/ 4029
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3.1. The electropolymerization and sensing application of the triphenylmethane dyes.

Triphenylmethane dyes are one of the most known dye classes. They consist of one of
the oldest known extremely brilliant and intensively colored dyes. The oldest known (1859)
triphenylmethane dye is fuchsine basic (Figure 1)

H,N NH,
O O NH,+
+
H
=

—

NH

2
NH,

Figure 1. Fuchsine basic leukoform (left side) and colored form (right side).

Fuchsine basic dye has been electropolymerized [35] over a glassy carbon electrode
(GCE). Considering the dye composition, the polymerization mechanism and the aminogroup
sensitivity to the solution pH, the polymerization Kinetics has been shown as highly dependent
on the background electrolyte composition and buffer used for this purpose. This is linked to
the different properties of the unprotonated (donor) and protonated (acceptor) amino group,
like also their ability to form the most efficient polymer molecule.

The reason why poly (FB)-modified electrode is efficient for the dopamine
electrooxidation at neutral pH is that both the proton transference from dopamine and the dye
polymer mediation is more efficient in the neutral medium due to the dopamine hydroquinone-

quinonic oxidation mechanism and the possibility of both forms to coexist in neutral medium.
SO,Na SO,H

Figure 2. Fuchsine acid non-ionic (left side) and zwitterionic form (right side).

As for fuchsine acid dye (Figure 2), it has also been polymerized in [36]. Contrarily to
the fuchsine basic, fuchsine acid dye is harder to oxidize due to the presence of three highly
accepting sulfonic groups. Nevertheless, it is capable of forming the so-called self-doped
conducting polymers, like also to be used as a dopant in the electropolymerization of another
molecule

In [36], the poly(fuchsine acid) modified electrode has been used to simultaneously
determine ascorbic acid, adrenaline, and uric acid. The proton-transfer rate of each of three of
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the mentioned compounds with poly(fuchsine acid) is different, which explains the peak
separation of each of the three mentioned compounds.

One of the most known triphenylmethane dyes is malachite green (Figure 3). It has been
electropolymerized in [37] in the potentiodynamic mode in different solutions. The
polymerization mechanism involved the partial quinonization of the dye molecule. A Schiff
moiety appeared in the polymer molecule, which gave the polymer a high affinity to proton
transference. Therefore, the sensor described in [37] has provided a high catalytic activity for
the simultaneous determination of dopamine and ascorbic acid.

The same dye has been polymerized in [38] to be used to determine tetracycline
antibiotics by adsorptive stripping voltammetry on GCE. Taking into account the similar
electrooxidation mechanism of the compounds detected in [37] and [38], the two-steps
irreversible electrooxidation of tetracycline has been easily realized at a mildly alkaline pH,
closer to neutral. The sensor may provide efficient tetracycline electrochemical determination
in biological liquids and pharmaceutical formulations.

The same polymer has been obtained in the same manner over the graphene sheets to
determinate the methylparathione pesticide [39] simultaneously, alongside its alkaline
hydrolysis product. The graphene nanosheets increased the stability of poly(malachite green),
which enhanced the catalytic activity of the dye polymer and gave the synergic effect to the
composite properties.

|
N(CH,), ! ! N(CH,), LN ‘ ‘ N(CH,),

Figure 3. Malachite green non-ionic (left side) and ionic form (right side).

A similar dye — brilliant green (Figure 4) has been electropolymerized on carbon
nanotubes to host the enzymes, capable of detecting glucose and ethanol selectively in
beverages [40]. Moreover, the capability of PBG/CNT composite in enzyme hosting has been
thereby compared with that of PEDOT/CNT composite, and the efficiency of the dye-based
polymer has been confirmed to be better. The PBG/CNT composite has shown the highly-
enhanced sensitivity for glucose and ethanol determination, by glucose oxidase and alcohol
dehydrogenase entrapment.

\ HSO,-
NEt, ] l NEt, N I l NEt,

Figure 4. Brilliant green non-ionic (left side) and ionic form (right side).

Also, in [41, 42], the same dye has been polymerized and used for the different analytes.
The film has shown excellent selectivity for the peak separation due to the different affinity to
each of the mentioned analytes. Chrystal violet (Figure 5) has been electropolymerized for
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electroanalytical purposes several times. For example, in [43], this dye has been
electropolymerized over GCE, providing the efficient determination of three biphenolic
isomers with the nanomolar (80 nmol) detection limit. Moreover, the differences in oxidation
mechanism of each of the analytes provide the peak separation of the isomeric biphenolic
compounds is between 100 and 430 mV, which lets the selective determination of both of them.

MeN_ NMe,
o

NMe, NMe,

Mie

Figure 5. Chrystal violet non-ionic (left side) and ionic form (right side).

In [44], the same dye was polymerized on the surface of the pencil graphite electrode.
The polymer showed an excellent electrocatalytic activity towards the determination of a- and
y-hydroquinones with nanomolar detection limits for each one, being the limit for a-
hydroquinone lower. As in the previous works, either the polymerization process or the
electroanalytical potential depended on the solution composition, and the working pH for the
most efficient electrochemical behavior was observed as close to neutral.

In [45], Phenol red dye (Figure 6) has been electropolymerized over the reduced
graphene oxide-modified GCE. It has shown high selectivity towards the ciprofloxacin at
pH=5,5. It's important to mention that the mildly acidic solution pH is introduced to neutralize
the mild ciprofloxacin basicity in order to enhance the proton transfer rate of phenol red dye.
Also, the ciprofloxacin molecule interacts with the sulfogroups of the proper dye. By this, the
detection limit of ciprofloxacin becomes 2 nmol.

HO l ] OH
] SO.H

Figure 6. Phenol red leukoform and ionized form.

Sometimes the dye polymers may be used in the overoxidized form. Although they
generally become less conducting, their sensitivity towards some compounds like metal ions
may enhance [46]. In work [47], poly(phenol red) polymer has been obtained and overoxidized
over the GCE. The polymer overoxidation was used to determine the trivalent antimonium ion
in 0,0075 pg/l detection limit. The selectivity was based on the complex formation of
overoxidized dye polymer with antimonium. The non-overoxidized polymer may also be used
for the electroanalytical determination of metallic cations. For example, in [48], it was used to
detect the bivalent lead with the detection limit down to 2 nmol/l.
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So, the triphenylmethane dye polymers may be efficient electrode modifiers for the
electrochemical determination of different compounds. The working pH and detection limit
will depend on the dye and analyte composition and state (normal or overoxidized polymer),
like the interaction mechanism.

3.2. Synthesis and electroanalytical application of azo dyes polymers.

Azo-dyes are one of the most used classes of dyeing compounds with both aryl and
hetaryl moieties. Also, they are interesting objects of the electrochemical analysis [49 — 60],
being the Sudan family (Figure 7) one of the most used.

Figure 7. Sudan I dye.

Despite the high electropolymerization potential, both azo-dyes and their polymers
clearly differ in electrochemical response to proton-leaving electroanalytical oxidation
processes due to highly accepting azoic moiety. Also, hydroxyl groups or pyridine nitrogen
atoms in ortho-position to the azoic group permit efficient metal complex formation [61, 62].

In the works [63, 64], the Sunset yellow azo-dye (Figure8) has been electropolymerized
by cyclic voltammetry on CPE. In work [63], an excellent electrocatalytic activity has been
verified for poly(Sunset yellow)-assisted determination of dopamine, ascorbic acid, and uric
acid. The sensor permits the determination of the mentioned compounds at physiological pH
(7,4), and the proton transfer is realized via the azoic group with its further electrochemical
regeneration.

SO,Na

N

7,

N/

C
SO,Na

Figure 8. Sunset Yellow dye.

In [65], the same dye was polymerized in order to determinate the chlorogenic and
ferulic acid, hydrogquinonic compounds with a similar structure to dopamine. The
electropolymerization was carried out on the glassy carbon electrode at the 1,1 V potential for
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30 seconds. The sensor was applied to determine the mentioned acids in coffee in micro- and
nanomolar concentrations, providing an efficient diffusion-controlled system.

In [66], the Sudan 11 (Figure 9) has been electrochemically polymerized on CPE by
cyclic voltammetry. The resulting polymer has shown high dopamine, ascorbic acid, and uric
acid activity, separating their oxidation potentials. Sudan 111 has implusioned catalytic activity
and polymerization capability, as it possesses two azoic fragments and a longer conjugated
system. Nevertheless, due to the accepting properties of the azoic group, its polymerization
potential remains relatively high.

O N\\ //N @
N N

OH
Figure 9. Sudan 11 dye.

In the works [67] and [68], Congo red dye (Figure 10) has been polymerized for the
determination of dopamine and terazosin correspondently. In both of the cases, the
polymerization was given on the carbon material by cycling the anode potential between -0,2
and +1,5 V in a slightly alkaline medium. In work [67], dopamine was successfully determined
in the presence of ascorbic and uric acids, providing an efficient electrode response in relation
to the bear carbon electrode. The same effect was achieved for terazosin [68]. Both of the
electroanalytical processes have been realized in neutral pH.

Figure 10. Congo Red dye.

Methyl orange dye (Figure 11), frequently used as a pH indicator, has been polymerized
on carbon materials. In [69], its polymer has been used for the 4-nitrophenol determination
with the detection limit of 170 nmol. Methyl orange dye has exhibited an oxidation peak at
0,93 V, and the background current was higher than the bare GCE.

Yet, in [70], the same dye was electropolymerized at a potential range from -0,6 to 1,4
V on CPE. It was used to detect vanillin at mildly acidic pH, in which the phenol ether group
was first hydrolyzed and further oxidized to the correspondent quinonic form, providing the
efficient determination of vanilin micromolar concentrations. The electrochemical effect of the
method was reinforced by hydrogen bonding between the vanillin molecule and the polymer.
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Figure 11. Methyl orange dye.

In [71], the same dye was polymerized on MWCNT to detect the amodiaquine drug at
micromolar concentrations with a detection limit of 89 nmol. It was ready to use for drug
determination in pharmaceutical formulations and human urine samples.

In work [72], acid red 176 azo-dye (Figure 12) has been polymerized in order to yield
a conducting polymer coating sensitive to dopamine and uric acid in the presence of ascorbic
acid. The film was prepared on a glassy carbon electrode and has exhibited the electroanalytic
activity towards the oxidation of dopamine and uric acid in the presence of ascorbic acid at
mildly acidic pH. Moreover, it was capable of suppressing the ascorbic acid interferences,
which made it an efficient electrode modifier for dopamine determination.

O,N

Il\ll OH OH

T
SO,Na SO,Na

Figure 12. Acid Red 176 dye.

The work [73] is dedicated to the use of Evans blue dye (Figure 13)polymer for catechol
and hydroquinone and catechol determination at mildly alkaline (7,4) pH. The polymerization
is realized at pH=7,4 by CV scanning at potentials from -0,6 to +1,6 V. The detection limit for
both hydroquinonic compounds was realized on micromolar (2 to 2,1 umol) level, providing
an efficient peak separation.

SO.H

(L on a4
SO, O C

Figure 13. Evans blue dye.
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The mildly basic medium, in this case, favors the neutralization of the dye sulfoacid
groups, which, while protonated, may impede the proton transfer.

In [74], the same dye polymer has been used to provide the electrochemical
determination of riboflavin. The polymerization was given at graphite paste electrode with
potential ranges from 0 to 1,4 V, providing an efficient riboflavin determination at micromolar
concentrations.

In work [75], eriochrome black T azo-dye (Figure 14) has been successfully
polymerized on CPE for methdilazine determination. The polymerization process was given
by CV between 0,0 and 1,2 V, and the low-molecular dye oxidation subproduct also
participated in the electropolymerization. The methdilazine determination was given most
efficiently at pH 9,2, in which eriochrome T is present in the salt form, and methidilazine is
more easily deprotonated.

Figure 14. Eriochrome Black T.

In work [76], the same dye was electropolymerized on reduced graphene oxide. The
gold nanoparticles were deposited over the dye polymer to enhance the electroanalytical effect
towards the ascorbic acid, dopamine, and uric acid. The synergetic effect of the hybrid material
components let the electrode lower the detection limit to nanomolar values in Vitamin C tablets
and urine samples.

So, the azo-dyes may be efficiently electropolymerized over the carbon materials to
provide the efficient electrochemical determination of biologically active compounds on micro
and nanomolar concentrations. The electropolymerization is generally given by cyclic
voltammetry cycling the potential between slightly negative to relatively positive (0,8 V
<Up<1,8), due to the presence of accepting groups on the dye molecules. Also, the peak
separation of different analytes for simultaneous detection is explained by the difference in the
interaction of different molecules with the dye, mediating the proton and electron transfer
differently.

3.3. The electropolymerization and sensing application of the electropolymerized condensed
aromatic dyes.

The condensed aromatic dyes are polymerized even more often than the
triphenylmethyl and azo-dyes because their long conjugated system allied to the great variety
of functional groups capable of reacting with different analytes [77 — 119]. In the third section,
a brief review of their activity towards the different sorts of analytes will be given.

In the works [77 — 79], the acridine orange dye (Figure 15) has been polymerized
electrochemically on carbon materials, being guaifenesin (at pH=7), amoxicillin (at pH=5),
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rutin (at pH =2 in the presence of an ionic liquid). In general, the acridine orange
polymerization is given by cyclic voltammetry between -1,5 and +1,5 V, providing an efficient
polymer deposition. The high dye oxidation potential is explained by the presence of the highly
accepting pyridinic nitrogen atom in the acridine molecule. On the other hand, the donating
effect of the dimethylamino groups augments the electrophylic potential on positions 2 and 7
of the acridine ring, and they participate in electropolymerization.

O
=
N(CH,); N N(CH,),

Figure 15. Acridine orange.

Yet, the pH change of the solution is explained by the necessity of neutralization of
basic properties of the substituted acridine ring and(or) the analytes.

In work [80], acridine red dye (Figure16) was used to quantify dopamine in micromolar
quantities.The acridine red electropolymerization was carried out by CV from -1,0to + 2,5V,
as the positively charged nitrogen atom, bound to the aromatic ring or oxygen heteroatom in

another form, is a strong acceptor.
= 4
\ ‘ O N o
N7 o) N(CH 'T‘ O N(CH,),
Figure 16. Acridine red in two resonance forms.

+ | 3)2

Acridine red dye is polymerized in more rigid conditions than acridine orange.
Nevertheless, the electroanalytical response of acridine red dye towards the dopamine is
enhanced, as dopaquinone and leukodopachrome and dopachrome products are formed, which
may indicate the possible polymerization-initiated possibility of the dye.

Nile blue dye (Figure 17) is frequently electropolymerized in order to obtain the
electroanalytical sensitivity to carbon materials [81 — 83].

O N O N
Et p Et
0 \l\{/ o' l\{/

Et Et
Figure 17. Nile blue in two differently charged forms.

Nile blue polymer was used to electroanalytical quantify ephedrine [81], paracetamol,
tramadol, and caffeine [82], and a great variety of different biologically active molecules [83].
The electroanalytical process was given in neutral [82, 83] or mildly acidic [81, 82] pH,
depending on the molecule analyzed. The electropolymerization was carried out at the potential
between -0,8 and +1,2 V in alkaline media, capable of catching out the protons, leaving during
the electropolymerization. Also, in the alkaline media, the dye molecule becomes less
accepting, being transformed into the form in Figure 18, which becomes easily polymerized.
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Figure 18. Nile blue basic form.

Safranine dye (Figure 19) polymerization has been frequently used nowadays in order
to enhance the electroanalytical sensitivity of carbon electrodes [84 — 88].

N
oo
H,N N’ NH,

Figure 19.bSafranine.

A great variety of the analytes have been detected by poly(safranine) modified carbon
electrodes, including parathion [84], epinephrine and uric acid [85], 4-nitrophenol [86], rutin
[87], and caffeine [88]. Due to the presence of two highly accepting nitrogen heteroatoms,
safranin polymerization potential is foreseen to be high, the reason why the potential range
between -1,6 and +2,0 V is chosen. The sensitivity is generally maximal in neutralized general
pH, depending on the analyte and the safranin capability to mediate the proton transfer.

Eosin dye (Figure 20) has also been frequently used in the dye polymer-based
electroanalytical sets [89 — 92]. Paracetamol, folic acid [89], 2-4-dichlorophenol [90],
hydroquinone and catechol [91] and VVP-16 drug [92] are the most important analytes, detected

by poly(eosin)-modified electrode.
[ COONa
O,N O X ‘ NO,
ONa ¢} o
Br Br
Figure 20. Eosin dye.

The eosin dye electropolymerization is usually carried out by CV in a potential range
between -1,2 and +1,0 V over carbon materials, and the electroanalytical cycle of eosin may
be accompanied by ionic forms transformation. The pH chosen for the electrochemical analysis
is dependent on which eosin form is polymerized and varies from moderately acidic to neutral.

Dianix blue dye (Figure 21) has been polymerized in order to quantify a great variety
of analytes, including levodopa [93, 94], in the presence of ascorbic and uric acid without and
with the possibility of simultaneous detection over GCE and MWCNT. The dianix blue dye
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polymerization has been carried out by CV between -0,2 to 1,8 V. The presence of a quinonic
fragment in the dye structure augments the oxidation potential but, at the same time, makes the
proton transfer mediation much better. The polymerization is realized via aromatic moieties.

OH O

NH, O O
OH

Figure 21. Dianix blue dye.

Alizarin red dye (Figure 22) is another anthraquinone dye frequently used as a monomer
for sensing conducting polymers [95 — 102]. It has already been used with analytes like
omeprazole [95] on CPE, oxandrolone in urine on HOPG [96], metronidazole on GCE [97],
hydrazine [98], dopamine [99], catechol [100], and serotonin [101]. Poly(alizarin) can also
form metal complexes, used as catalysts for oxygen evolution [102].

I I I SO;Na

Figure 22. Alizarin red dye.

The alizarin red dye is frequently used because of its flexible electrochemical behavior,
as the dye includes quinonic and hydroquinonic moieties at the same time, capable of receiving
or donating protons, depending on pHand analyte composition. On the other hand, the presence
of strong acceptor groups makes higher its electrooxidation potential. Thus alizarin red has to
be polymerized by CV on -0,6 to +1,4 V.

Carmine dye (Figure 23) has also been used as a monomer for electroanalytical
purposes [103, 104]. It has been used for the determination of specific analytes like tinidazole
[103] and 4-nitrophenol. Both accepting groups and steric conditions make difficult carmine
polymerization. Nevertheless, it may be polymerized in potentiostatic mode using the anodic
potential +1,6 V in acidic media (H2SOa).

HO

HO

HO

OH
Figure 23. Carmine red dye.
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As for the electroanalytical properties are realized in flexible pH conditions, as,
similarly to the alizarine red, as they possess both hydroquinonic and quinonic moieties.

Methylene blue (Figure 24) is one of the most used phenothiazine dyes in
electroanalytic [105 — 108]. It has already been used for different analytes, including the
polyphenolic compounds [105], OH-radicals and other radical scavengers [106], nitrite [107],
5-aminosalicylic acid [108], uric acid, and xanthine [109]. It has also been copolymerized with
pyrrole [110] and other monomers for electroanalytical purposes. Its other use is in
supercapacitors [111, 112]. Its electropolymerization is given in similar conditions to those
characteristic to the acridine orange and acridine red, but in a bit lower potential, due to the
less accepting influence of the sulfur atom.

N
OGSt
N(CH,); s’ N(CH
cl

Figure 24. Methylene blue.

3)2

Azure A (Figure 25), a similar compound to methylene blue, has also been used for
electroanalysis [113 — 115]. It's polymerized in similar conditions to methylene blue (CV from
-0,2 to 1,3 V) and may also be used in electrochromic appareils [115]. It has also been used as
a catalyst for H202 oxidation [116].

N
H.N s’ N(CH

2 3)2

Cl
Figure 25. Azure A dye.

The famous BODIPY (Figure 26) fused dyes have also been used as monomers for
polymerization purposes in different areas, including electroanalytic [117]. They may also be
used in copolymers as binding rings, augmenting the polymer conductivity and
electroanalytical efficiency.

= 7 N

/N\
N\ N<g
/ AN

F F
Figure 26. BODIPY moiety.

N
@ \Jv\j\
HN s’ N(CH
| cr

Figure 27. Azure B dye.

3)2

Sometimes the dyes may copolymerize for electroanalytical purposes. For example, in
[118], azure B dye (Figure 27) has been copolymerized with proflavine, yielding a doxorubicin
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sensing polymer. The polymerization has been given on a GCE with the potential scan between
-0,8and +1,2V.

In certain cases, the metal dye complexes also polymerize or copolymerize for
electroanalytical purposes. For example, in work [119], pyrrole was electropolymerized with a
copper complex of Salabza dye (Figure 28) by CV in the range between -0,2 and 1,0 peak,
yielding a polymer sensitive to catechol at micromolar quantities.

~ N/
N N—

\ ¥
.Cu
O O

Figure 28. Salabza-Cu?* complex.
4. Conclusions

From the review, it is possible to conclude that the dyes are frequently used for
electrochemical polymerization on carbon material electrodes. Generally, the dye
electropolymerization is given by cyclic voltammetry, alternating the electrode polarity. The
polymerization kinetics (cation-radical formation and interaction mechanism, number of CV
cycles), like the resulting polymer's electroanalytical behavior, tend to be highly dependent on
the background electrolyte composition, dye structure, and analyte chemical properties.
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