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A B S T R A C T

The conditions under which alizarin, purpurin, carminc acid, quinalizarin and alizarin red S in the solution of
several organic solvents can be electrochemically transformed are analysed. The electrochemical activity of
these molecules with quinone and phenolic moieties is relatively easy detected by cyclic voltammetry. Nu-
merous electro-reduction/oxidation processes without and with added acid or base are observed. The number,
the current intensity and the peak potential of the charge transfer processes are rationalized on the basis of the
homogeneous dissociation equilibriums of the phenolic-OH groups. These equilibria are significantly altered
by the medium. A supporting electrolyte unexpected and important effect on the electrochemical behaviour is
observed. Alkaline cation of the supporting electrolyte promotes the changes in the electrochemical behaviour
by coordinating with opposite charge species. A confusion published in the literature that the electro-reduc-
tion of the hydroxyquinones proceeds only through the formation of a radical-anion and a dianion is revealed.
Solvent effect is explained by the stabilization of charge species, which is related to some solvent properties
(Gutmann acceptor/donor number and dielectric constant). Solvents with strong acceptor properties favour the
dissociation of the phenolic-OH groups. The dissociation equilibriums of phenolic-OH groups in each solvent
are confirmed by UV-vis spectra of each dye in solution. Alizarin in DMA solvent with added base shows a
particular electrochemical behaviour.

For alizarin/DMF system a reaction mechanism is proposed, and alternative mechanisms are suggested for
other dyes.

© 2017.

1. INTRODUCTION

Natural dyes were employed since ancient times. For centuries,
these substances were the only dyes used to change the colour of nu-
merous materials. However, synthetic dye industry is at present one
of the most important. The use of many of these synthetic chemi-
cals that are employed to colour food, drugs, cosmetics and clothing
has been restricted by the high toxicity of some of them [1]. Envi-
ronmental issues in the production and application of synthetic dyes
once again revived consumer interest in natural dyes and their deriva-
tives. The natural dyes derived from 9,10-anthraquinone have a lead-
ing role due to the relative abundance and possibilities of transforma-
tions that they offer [2]. Dyes containing 9,10-anthraquinone moiety
and its derivatives are among the most resistant to light-induced fading
[3,4]. Anthraquinone derivatives in general are also known as analyt-
ical reagents [5–8], and are currently investigated as promising redox
materials for next generation batteries [9,10].

⁎ Corresponding author at: Instituto de Investigaciones Fisicoquímicas Teóricas y
Aplicadas (INIFTA), CCT La Plata, Casilla de Correo 16, Sucursal 4, 1900 La Plata,
Argentina. Tel.: +54 221 425 7430/7291.
Email address: mirifi@inifta.unlp.edu.ar, mirifi@live.com.ar (M.V. Mirífico)

The most common natural anthraquinone derivatives are alizarin
(1,2-dihydroxy-9,10-anthracenedione, ALZ), purpurine (1,2,4-trihy-
droxyanthracene-9,10-dione, PP), and carminic acid (3,5,6,8-tetrahy-
droxy-1-methyl-9,10-dioxo-7-[3,4,5-trihydroxy-6-(hydrox-
ymethyl)oxan-2-yl]anthracene-2-carboxylic acid, CA) (Scheme 1). In
addition to the natural dyes, there are synthetic colourants of sim-
ilar characteristics such as quinalizarin (1,2,5,8-tetrahydroxyan-
thracene-9,10-dione, QZ), and alizarin red S (9,10-dihydro-3,4-di-
hydroxy-9,10-dioxo-2-anthracenesulfonic acid, sodium salt, ALS)
(Scheme 1).

Hydroxyanthraquinones present a long list of possible applications
related to their interesting photoactivity. Most applications are based
in their chromatic properties. Their colours depend on the position
and number of the hydroxyl substituents [11]. Alizarin exists in three
forms of different colours, namely the protonated species (neutral
non-dissociated AH2 in Scheme 2) and two deprotonated species cor-
responding to the monoanion (AH− in Scheme 2) and dianion (A2−

in Scheme 2). The absorption maximum of the neutral non-dissoci-
ated form is located at 430 nm, the monoanionic form is character-
ized by an absorption maximum at around 530 nm while the dian-
ionic form is represented by two superimposed bands in the range
from 570 nm to 620 nm [11–17]. The colour change of alizarin is
modelled based on simple protocol within TD-DFT framework [13].

https://doi.org/10.1016/j.electacta.2017.07.139
0013-4686/© 2017.
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Scheme 1. Structural formulas of the 9,10-anthraquinone dyes.

Scheme 2. General electrochemical scheme proposed for ALZ (AH2) in non-aqueous solvent in the absence and the presence of proton donor and bases.

This makes the use of alizarin chromophore suitable since it is sen-
sitive to the presence of proton acceptor agents even in non-aqueous
solutions [18]. A similar behaviour is observed for ALS [19]. The ab-
sorption spectrum of CA in water at different pHs (3.0–12.0) has also
been studied. In the analysed interval of pH, CA is found under three
different forms, mono (CA−), di (CA2−) and tri (CA3−) anionic forms
with the corresponding absorption maxima at 490 (CA−), 558 (CA2−),
530 and 566 nm (CA3−). In the explored pH interval, CA passes from
the mono-anion at pH 3 till the tri-anion at pH 12 [20]. Solvent ef-
fects on the spectra of ALZ and PP dyes are interpreted in terms of
intra- and inter-molecular hydrogen-bonding interactions. Less polar

non-protic solvents hardly affect the spectrum, whereas red shifts of
the absorption maxima are observed in protic solvents. This behaviour
is rationalized on the basis of the formation of hydrogen bonds with
the solvent [21].

Among the reactions that may experience anthraquinone dyes, the
electrochemical ones often offer very broad possibilities of reactiv-
ity, parent molecule derivatization or mechanistic analysis. The elec-
tron transfer reactions involving quinones and hydroquinones are very
important in biological systems and in many areas of chemistry. In
this context, electroorganic synthesis can provide an interesting and
practical alternative to conventional methods for synthesis. Since toxic
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and hazardous redox reagents are either replaced by electric current
(direct electrolysis) or are generated in situ from stable and non-haz-
ardous precursors (indirect electrolysis), electrosynthesis is considered
to be a safe and environmentally friendly methodology. A further in-
teresting feature is that electrochemical reactions are feasible under
very mild conditions since the reaction rate is determined by the elec-
trode potential, with the possibility of carrying out reactions with high
activation energies at low temperatures.

Not many works on the electrochemical behaviour of 9,10-an-
thraquinone dyes are reported in the literature. The electrochemi-
cal studies on these dyes have mainly been performed in aqueous
solution. Research on adsorption of anthraquinone dyes on hang-
ing mercury drop electrodes [22], electrochemical degradation of an-
thraquinone dyes [23], electrochemical incineration of dyes [24], the
use of 9,10-anthraquinones as mediators for the indirect cathodic re-
duction of dyes [25], and the electrochemical analysis of natural solid
organic dyes and pigments [26] are some examples.

It is known that the use of organic solvents has several advantages
over water in electrochemical studies [27]. Understanding the electro-
chemical behaviour of the anthraquinone dyes organic molecules in
solution of non-aqueous solvents is interesting because it offers the
possibility of select the best experimental conditions for transforming
the parent molecule by specific synthetic routes, that often are very
difficult by traditional thermal routes [27,28]. The fact that experi-
mental conditions can substantially affect the course and the products
of an electrolysis requires a thorough knowledge of the effects of the
changes in the experimental variables (supporting electrolyte, pH, sol-
vent, potential, etc.) on electrode reactions. An understanding of the
effects of such variables is absolutely necessary for the design and
interpretation of the electrochemical results. During the study of the
effects of the changes in the experimental variables on the electrode
reactions, we observe a very important and unexpected influence of
the supporting electrolyte (NaClO4 vs. R4N

+ ClO4
−) on the voltam-

metry behaviour of the dyes. It was therefore of interest to try to ex-
plain the role of sodium ion to modify electrochemical behaviour so
markedly. It is a known fact that with tetraalkylamonium salts as sup-
porting electrolyte, the reduction of quinones in aprotic solvents take
place by two successive one-electron reduction steps generating two
separate cathodic waves in which the first step is completely reversible
and the second step is quasi-reversible. The first step corresponds to
the formation of a semiquinone radical while the second reduction cor-
responds to the formation of the quinone dianion [29].

The techniques employed in our investigation are cyclic voltam-
metry (CV) which allows a rapid detection of electrochemical activity
of the organic molecule as well as provide a versatile mechanistic ap-
proach, and UV-vis spectroscopy.

2. EXPERIMENTAL

Solutions preparation, electrochemical experiments and other ma-
nipulations were carried out inside a glove-box under dry nitrogen at-
mosphere. Non-aqueous solvents and inorganic compounds were puri-
fied by standard methods [30]. Solvents (acetonitrile (ACN), N,N-di-
methylformamide (DMF), N-methylformamide (NMF), formamide
(FM), dimethylsulfoxide (DMSO), dimethylacetamide (DMA), pyri-
dine (Py), tetramethylurea (TMU), propylene carbonate (PC), hexa-
methylphosphoramide (HMPA), methanol (MeOH), ethanol (EtOH),
and ethylenediamine (EDA) were dried with freshly activated 4A mol-
ecular sieves and stored in the dry glove-box on freshly activated
molecular sieve. A LYP-M2 potentiostat, a 3-module LYP sweep
generator and a WinPCChrom digital Data Acquisition Module were
used. CV experiments were performed in a conventional undivided
gas-tight glass cell with dry nitrogen gas inlet and outlet. The work

ing electrode (WE) was a 3 mm diameter vitreous carbon disk encap-
sulated in Teflon, the counter-electrode (CE) was a 2 cm2 Pt foil, and
Ag+ (0.1 M, ACN)/Ag was used as reference electrode (to which all
reported potentials are referred). Prior to each electrochemical mea-
surement the WE was polished with alumina up to 1 μm, and then
thoroughly ultrasonically rinse. Sodium perchlorate (NaClO4) was
used as supporting electrolyte unless otherwise stated. The preparation
of the basic solutions was performed by adding an exactly known vol-
ume of a concentrated solution of known concentration of dry KOH in
absolute ethanol to the solution of the dye in the cell.

The typical employed concentrations of KOH in the ethanol solu-
tions were 0.1 to 1 M depending on the desired final KOH concentra-
tion. The volumes of the ethanol solutions ranged from 5 to 50 μl for
a total volume of 2–3 ml. The preparation of the TFA solutions was
carried out by adding the pure acid to obtain the most concentrated so-
lutions or from solutions suitably diluted in the solvent under study.

All analytical grade dyes were purified by recrystallization and
their purity was checked by thin layer chromatography (TLC). For
TLC, Silica gel 60 F254 plates from Merck were used and examined
under UV light irradiation (254, 365, and 200–800 nm). UV-vis spec-
tral measurements were made with a Shimadzu-1800 spectrophotome-
ter equipped with a thermostatic cell holder. Teflon-stoppered quartz
cells with a 1-cm optical path were used.

For all dyes investigated, peak current intensities for the first elec-
tro-reduction process (Icp1) increased linearly with the square root of
the potential sweep rate (v) in the range 0.050–0.300 Vs−1, unless oth-
erwise specified. The CVs presented in this work are those measured
at v: 0.200 Vs−1.

3. RESULTS AND DISCUSSION

The investigation was performed on ALZ, PP, QZ, ALS and CA
in solution of thirteen polar non-aqueous solvents commonly used for
electrochemical studies, without and with H-bond ability, and with
different strength as Lewis acids [31], but most experiments were
focused on ALZ in DMF solution. The measurements were carried
out in the absence and in the presence of added acid (trifluoracetic
acid, TFA) or base (KOH). NaClO4 was used as supporting elec-
trolyte, though some experiments were performed with ammonium
salts (tetraethylammonium perchlorate, TEAP; tetrabutylammonium
perchlorate, TBAP; tetrabutylammonium hexafluorophosphate, TB-
NPF6).

3.1. UV-vis spectrophotometry

UV-vis spectra give information about the initial structure of the
dye (protonated, partially or totally deprotonated species). UV-vis
spectra of the dyes were measured in solution of the non-aqueous sol-
vents employed for the electrochemical experiments. Some examples
are shown for ALZ in the absence (Fig. 1) and in the presence of added
acid (Fig. 2) or base (Fig. 3).

3.2. Cyclic voltammetry

3.2.1. Alizarin
Cathodic and anodic charge transfer processes are shown in the

CVs measured for ALZ in solution. Several aspects are taken into
account to rationalize the global electrochemical process and to pro-
pose a reaction mechanism for the phenol-quinone dye. First, it must
be considered that this molecule possesses two acidic protons, which
could be involved in homogeneous equilibrium reactions that could
take place in the electrochemical process in the absence of added acid
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Fig. 1. UV-vis spectra of ALZ in different solvents (ALZ molar concentration). (——)
FM (1.9 10−4 M); (– – –) NMF (1.9 10−4 M); (● ● ● ●) DMF (2.0 10−4 M); (– ● – ●)
ACN (1.9 10−4 M); (●● – ●● –) EtOH (1.6 10−4 M).

Fig. 2. UV-vis spectra of ALZ (molar concentration) in different solvent solutions with
20 mM TFA added. (——) FM (1.9 10−4 M); (– – –) NMF (1.9 10−4 M); (● ● ● ●) DMF
(2.0 10−4 M); (– ● – ●) ACN (1.9 10−4 M); (– ●● –) EtOH (1.6 10−4 M).

Fig. 3. UV-vis spectra of ALZ (1.6 10−4 M) in EtOH (– – –). The same solution with
different final concentrations of added KOH: (● ● ● ●) 1.5 mM; (– – –) 7.5 mM; (——)
30 mM. Inset: 0.057 mM ALZ in DMF solution in absence and in presence of added
KOH in different concentrations: (– – –) 0 mM; (● ● ● ●) 0.17 mM; (——) 0.39 mM.

or base. Supporting electrolyte, solvent and added acid or base effects
on the electrochemical processes are observed and rationalized.

3.2.1.1. Alizarin in DMF solution in the absence of added acid or
base

CVs measured for ALZ (AH2 for simplicity, two acidic protons)
in DMF solution with supporting electrolytes such as tetrabutylam

monium hexafluorophosphate (TBNPF6) or ammonium perchlorate
salts (TEAP or TBAP) show only two reversible redox couples. Some
experiments are shown in Fig. 4a. However, the CVs measured for
ALZ in DMF with NaClO4 as supporting electrolyte show three qua-
sireversible charge transfers (cp1-3DMF, Fig. 4b, full line) at
Ecp1DMF = −1.19 V; Ecp2DMF = −1.47 V and Ecp3DMF = −1.91 V in
the initial cathodic sweep and one a quasireversible single peak at
EapDMF = +0.68 V in the initial anodic scan (Fig. 5, full line and Table
1).

For ALZ as a typical example, it can be suggested that the main
processes that occur in solution of non-aqueous solvents are two suc-
cessive electron transfers generating the corresponding radical anion
(AH2

−) and the dianion (AH2
2−). This basic scheme may be modified

by protonation-deprotonation equilibria and by intermolecular proton
transfers which are, therefore, the next reaction steps for the reaction
of the electro-generated bases AH2

− and AH2
2−. Thus, the general

outline of the Scheme 2 for the electrochemical reactions of ALZ is
proposed. The possibility of intramolecular hydrogen exchange does
not alter the general scheme, since each species formally maintains its
molecular formula.

The species AH2
2−, AH−, AH•2−, A2−, AH3

−, AH 2−, AH3−, A 3−

and A have the formal structures shown in Scheme 3. All structures
are resonance hybrids and tautomers; more stable resonance structures
are shown.

Since DMF has proton abstracting power [32], the phenolic hy-
droxyls in AH2 molecule are partially dissociated (see UV-vis spec-
trum in Fig. 1). In this condition, the species AH2 and AH− (equilib-
rium C1, Scheme 2) are present in the solution of AH2 in DMF. And it
is also possible to consider the presence of a small quantity of the A2−

as observed in the UV-vis spectrum (absorption ca. 620 nm) (Fig. 1).
In this case, the reaction would occur through the reduction of AH2,
AH− and AH 2−, i.e. the contribution of C4 equilibrium (Scheme 2)
is considered negligible. Within Scheme 2, the route chosen by the
ALZ-DMF-NaClO4 system is shown in Scheme 4.

Relative intensities of the peaks are dependent on the extension of
the previous dissociation equilibrium C1. The concentration of AH−,
which is the origin of the second cathodic wave (cp2DMF), is sup-
plied by the chemical equilibrium C1 while the concentration of AH

2− (cp3DMF) is supplied by the charge transfer step E4. Therefore,
there should be an effect of the initial concentration of AH2 (CAH2)
on the current intensity ratios if the Scheme 4 is true. In Fig. 6 is
shown the effect of CAH2 on the current function (cf = Ip/(v1/2CAH2)).
A quantitative analysis of the cathodic waves shows that the value for
cfcp3DMF/cfcp1DMF ratio results 0.60 for CAH2 = 20 mM, and 1.6 for
CAH2 = 0.38 mM. The greater extent of dissociation at low concentra-
tions, justifies the change in the current intensity ratio. The radical-an-
ion AH2

− formed in E1 reacts with AH2 to form AH3 by proton
transfer (step C1 + C6) which is more easily reduced than the neutral
organic substrate AH2 (Scheme 4). As a result, the first and second re-
ductions occur at the same potential (Ecp1DMF) and the overall reduc-
tion was one step-two electrons (cp1DMF).

A constant potential electrolysis experiment of ALZ in DMF solu-
tion performed at the first cathodic peak ( Ecp1 = −1.2 V) produced
a violet solution. The CV and UV-vis spectrum of this violet solution
are similar to those measured for ALZ in presence of the added base
(Figs. 3 and 5). An absorption band at 550 nm is shown in the UV-vis
spectrum of the violet solution. This absorption maximum is assigned
to the AH ̶ specie [12–14]. This experiment confirms the incorpora-
tion of the second step (C1 + C6) in Scheme 4.

The presence of the species AH2 and AH ̶ in the initial solution
is supported by the UV-Vis spectrum. UV-vis spectra of ALZ in so-
lution of DMF and in the different non-aqueous solvents used in this
work shown in Fig. 1 (DMF: dotted line) present two maximum at
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Fig. 4. a) CVs of ALZ (5.04 mM) in DMF solution. (——): cathodic scan; (● ● ●): anodic scan. The same solution with 31 mM TFA added: (– –) cathodic scan. The solution with
46 mM KOH added (– ● –): cathodic scan and (– ●● –): anodic scan. Sweep rate: 0.2 Vs−1. Supporting electrolyte: 0.10 M TEAP. b) Cathodic CV of ALZ (5.04 mM) in DMF
solution with TFA added in different final concentrations: (●●●●) 1.8 mM; (– – –) 3.9 mM; (——) 12 mM. v: 0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4.

Fig. 5. Anodic CV of ALZ (5.04 mM) in DMF solution (——). Same solution with
KOH added in different final concentrations: (● ● ● ●) 2.1 mM; (– – –) 5.2 mM; (– ● –
●) 56 mM. v: 0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4. KOH was added from
a solution of KOH in ethanol containing 0.051 g of anhydrous KOH per g of solution.

429 and 565 nm, corresponding to the species AH2 and AH −, respec-
tively.

The global reaction (GR) corresponding to Scheme 4 is:
AH2 + 2e− ⇆ AH2

2−

The voltammograms of the dyes in organic solvent solutions mea-
sured using ammonium salts show only two reversible redox couples,
similar to the typical response of quinones (e.g. 9,10- anthraquinone)
in non-aqueous solvent solution in the absence of added acid or base.
Instead, more electro-reduction peaks are detected in voltammograms
measured using NaClO4 as supporting electrolyte. The results with
ammonium salts has led to an erroneous conclusion in some published
works that the electro-reduction of these dyes only proceeds through
the formation of a radical anion and dianion. When sodium or lithium
salts are employed, the occurrence of complexation reactions or ion
pair formation [33,34] between the negatively charged species, such
as AH 2− or AH2

2−, with Na+ or Li+ cations produce cathodic shifts in
some electro-reduction peak potentials, and a greater number of reduc-
tion waves can be detected in the CVs. This behaviour reflects stabi-
lization of the negatively charged forms in the presence of metal alka-
line ions. Tetraalkylammonium ions in solution may cause no chem-
ical interactions through coordination or hydrogen bonding since the
coordination numbers of the central elements in the species (ions) are
fully satisfied, apart from their excellent three-dimensional symme-
tries. The peak potentials of the first couple do not change signifi-
cantly when using sodium or ammonium salts showing that the com-
plexation reactions are negligible for the monoanionic species [35].

3.2.1.2. Effect of added proton source
The addition of anhydrous TFA drastically changes the voltammet-

ric behaviour of ALZ in DMF solution (Fig. 7 and Table 1). The orig-
inal cathodic peaks (cp1-3DMF) disappear, and are replaced by a quasi-
reversible peak at EcpDMF,TFA = −0.99 V in the initial cathodic sweep
(e.g. RTFA = [TFA]/[ALZ] ≈ 2.4, see Fig. 7). The quasireversible orig-
inal anodic peak practically does not change when TFA is added to the
electrolytic medium (not shown). The main reduction reaction in the
presence of the added acid is the generation of the tetrahydroxy (AH4)
compound (Scheme 5) [29,36,37].

Results shown in Tables 1 and 2 (in Supplementary Material)
are those measured with an excess of added TFA (RAH = [TFA]/[
ALZ] ≈ 5). The CVs were not modified for further addition of the pro-
ton donor. The most probable way in the presence of excess added
acid (do not exist AH− and A2−) is the well-known ECEC mechanism
with E2 < E1 [38] (see Scheme 2, E1-C6-E2-C8), which is also pro-
posed for the electro-reduction of ALZ in ACN solution in the pres-
ence of acid [39]. This sequence of the reactions is described as two
rounds of electron-transfer coupled with proton acceptance (chemical
reaction), that is ECEC (or EHEH) mechanism. Previous protonation
of ALZ is discarded due to the low basicity of the carbonylic and phe-
nolic oxygens in the non-aqueous solvents and because the quasire-
versible original anodic peak does not change when TFA is added to
the electrolytic medium (see above in this section).

3.2.1.3. Effect of the added base
The addition of KOH in increasing RKOH = [KOH]/[ALZ] molar

ratio to a solution of ALZ in DMF results in a successive disap-
pearance of cp1DMF and cp2DMF (Fig. 4b). At the same time, it ap-
pears and increases in intensity a new reversible cathodic peak at
EcpDMF,KOH = −1.95 V, very close to cp3DMF measured in absence
of the added base. For intermediate RKOH molar ratio values (e.g.
RKOH ≈ 1) the CV shows two cathodic peaks (Fig. 4b, dashed line)
and for higher RKOH ratios (e.g. RKOH > 2) only the new reversible re-
dox couple is observed (Fig. 4b, RKOH ≈ 11, dotted-dashed line). To
rationalize the CV changes in the presence of added base the reac-
tions C4, E4 (Ecp2DMF: −1.44 V), C5, E6 (EcpDMF,KOH: −1.95 V) in-
cluded in the general reaction scheme (Scheme 2) must be consid-
ered. The anion A2− (C4 in Scheme 2) is the predominant species for
high RKOH values (RKOH > 2) and the only possible reaction is its re-
versible electro-reduction E6. The non-availability of protons makes
the reaction stops at this stage. The electro-reduction of the radical-an-
ion A 3− (formed in E6, Scheme 2) is less probable and possibly oc-
curs outside the usable potential range of the solvent. The current
function for the peak at EcpDMF,KOH = −1.95 V (Fig. 4b) is 64 A V−1/2

s1/2 M−1 10−3 (Table 1). This value is approximately the half value
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Table 1
CV results for the electrochemical processes of alizarin (ALZ). ALZ conc. 5.00 mM; potential sweep rate: 0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4.

Solvent
Added acid
or basea

Number of processes of
electro- reduction Ecpsolv/V

Current function/A
V−1/2 s1/2 M−1 10−3

Number of processes of
electro- oxidation Eapsolv/V

Current function/A
V−1/2 s1/2 M−1 10−3

ACNb --- 3 −0.96 71 1 +1.14 177
−1.27 14
−1.48 8

Acid 1 −0.55 152 1 +1.15 183
Base 1 −1.56 Very low (almost

insoluble)
---

DMA --- 3 −1.21 44 1 +0.64 82
−1.52 13
−1.98 25

Acid 1 −1.08 72 1 +0.62 88
Base 1 2.00 56 3 −0.35 84

−0.06
+0.23

HMPA --- 3 −1.36 20 1 +0.13 (sh) 9
−1.78 9
−2.44 12

Acid 1 −1.32 43
Base −2.12c 21 2 −0.57d 11

−0.13d 12
MeOH --- 3 −1.02 63 1 +0.80 123

−1.25 55
−1.69 9

Acid 2 −0.74 131 1 +0.84 135
−1.10 36

Base 1 −1.23 78 2 −0.20 47
+0.035 118

EtOH --- 2 −1.12 40 1 +0.73 75
−1.55 32

Acid 1 −0.76 85 1 +0.75 78
Base 1 −1.68 54 2 +0.02 93

Py --- 3 −1.20 37 1 +0.34 142
−1.71 33
−2.61 73

Acid 1 −1.10 100 1 +0.40 99
Base 1 −1.66 20 1 +0.33 14

DMF --- 3 −1.19 57 1 +0.68 105
−1.47 24
−1.91 35

Acid 1 −0.99 91 1 +0.66 101
Base 1 −1.95 64 1 −0.40 94

DMSO --- 3 −1.19 31 1 +0.66 52
−1.44 9
−2.01 17

Acid 1 −0.91 51 1 +0.66 54
Base 1 −2.08e 50 1 −0.36f 76

(−0.43, −0.13 and
+0.28)f

FM --- 2 −1.07 28 1 +0.026 27
−2.54 57

Acid 1 −1.02 49 1 +0.089 49
Base 1 −1.53 9 1 −0.051 11

NMF --- 2 −1.15
(sh)

– 1 +0.10 45

−1.32 43
Acid 1 −1.15 62 1 +0.59 54
Base 1 −1.69 40 1 −0.30 63

NMA --- 2 −1.19 18 2 +0.09 4
−1.44 7 +0.63 22

Acid 1 −0.93 34 1 +0.61 32
Base 1 −1.74 23 2 −0.28 28

−0.09 6
PC --- 3 −1.13 20 1 +1.11 44

−1.41 7
−1.74 9

Acid 1 −0.85 48 1 +1.11 53
Base Insoluble Insoluble

TMU --- 1 −1.23 62 1 +0.68 70
Acid 1 −1.06 56 1 +0.65 66
Base 1 −1.74 31 2 −0.39 16

+0.10 27
EDA --- 1 −1.53 37 1 −0.068 65

Acid 1 −1.43 51 1 −0.14 71
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Table 1 (Continued)

Solvent
Added acid
or basea

Number of processes of
electro- reduction Ecpsolv/V

Current function/A
V−1/2 s1/2 M−1 10−3

Number of processes of
electro- oxidation Eapsolv/V

Current function/A
V−1/2 s1/2 M−1 10−3

Base 1 −1.94 47 1 −0.28 62

a The results in the presence of added acid or base were measured on the voltamperograms recorded with an excess of acid (Racid = [TFA]/[ALZ] ca. 5) or base. The base
concentration is chosen in the excess condition for which only one maximum is observed. By subsequent additions of acid or base these voltamperograms did not change, except for
some examples (shall be indicated at the foot of the table) for which special base concentrations are used to observe the intermediate peaks.
b 2.58 mM Alizarin.
c For 75 mM KOH.
d For 21 mM KOH.
e For 40 mM KOH.
f For 10 mM KOH.

Scheme 3. Formal structures for the species in Scheme 2.

than that which is measured in absence of the added base (Table
1, three cathodic peaks (cp1-3): 57 + 24 + 35 = 116 A V−1/2 s1/2 M−1

10−3, two electrons). Therefore, ALZ exchanges one electron per mol-
ecule for RKOH > 2.

Bechtold et al. [25] postulate the direct electro-reduction of the
neutral species (AH2: several hydroxy-9,10-anthraquinones in ref.
[25]) in aqueous basic medium even with a high molar ratio [NaOH]/[
dye] ≈ 200. The voltammetric and spectrophotometric results obtained
in our work invalidate the Bechtold proposed mechanism.

3.2.1.4. Alizarin in other solvents
The electrochemical behaviour of ALZ in solution of solvents

other than DMF (in the absence or in the presence of added acid or
base) presents some differences and some similarities with the behav

iour in DMF that depend on the solvent. The CVs show a variety of re-
sponses for the dye in solution of the different solvents. Some results
are shown in Fig. 8 (ACN), and in the Supplementary Material in Figs.
1S (TMU), 2S (FM), 3S (HMPA) and 4S (NMF) and in Table 1, in the
absence and in the presence of added acid or base.

3.2.1.4.1. In the absence of added acid or base
The number of electro-reduction processes detected in the first

cathodic scan varies from three to one (Table 1; 3 processes for
ACN, DMA, HMPA, MeOH, Py, DMF, DMSO, and PC; 2 processes
for EtOH, FM, NMF, and NMA; 1 process for TMU and EDA) in
the absence of added base or acid. The peak potentials and relative
current intensities are significantly different from those measured in
DMF solution (Table 1). For example, for ALZ in ACN solution
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Scheme 4. Proposed possible route for the electro-reduction of ALZ in DMF in the absence of added base or acid.

Fig. 6. Cathodic CVs for ALZ in different concentrationes in DMF solution. (——):
0.38 mM; (– – –): 20 mM. v: 0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4. The
CVs are corrected for base line.

(Fig. 8), the cathodic peak at less cathodic potential (cp1ACN,
Ecp1ACN = −0.96 V, cfcp1ACN = 71 A V−1/2 s1/2 M−1 10−3) is propor-
tionally much more intense than the others (Ecp2ACN = −1.27 and
Ecp3ACN = −1.48 V; cfcp2ACN = 14 and cfcp3ACN = 8 A V−1/2 s1/2 M−1

10−3, respectively), that is to say cfcp1ACN/cfcp2ACN ≈ 5.1 and
cfcp1ACN/cfcp3ACN ≈ 8.9 in ACN, while cfcp1DMF/cfcp2 DMF ≈ 2.4 and
cfcp1DMF/cfcp3DMF ≈ 1.6 in DMF solution. This behaviour could be
explained as the result of the decrease of the first dissociation con-
stant of ALZ in solution of ACN compared with DMF (step C1,
Scheme 2), so the predominant species in ACN is the neutral mol-
ecule (AH2). This statement is supported by the spectrophotomet-
ric UV- vis results and by pKa data for phenols in solution of or-
ganic solvents published in literature [40]. UV-vis spectrum of ALZ
in ACN solution presents an absorption band with a maximum at
λmax = 424 nm (Fig. 1) corresponding to AH2 neutral specie. There-
fore, in this solvent, the main route is determined for the steps E1,

Fig. 7. Cathodic CV of ALZ (5.04 mM) in DMF solution (——). Same solution with
TFA added in different final concentrations: (● ● ● ●) 1.8 mM; (– – –) 3.9 mM; (– ● –
●) 12 mM. v: 0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4.

Scheme 5. Equation for the main reaction of electro-reduction of ALZ in acid medium.

(C1 + C6), E2, C7 and C1 (see Scheme 2). To facilitate the reading
these steps are shown in Scheme 6.

The subsequent electro-reduction of AH− (cp2ACN) depends on the
concentration of this anion provided by the equilibrium C1 practi-
cally insignificant in ACN solvent (Fig. 1). The formation of AH4,
that provides a small concentration of the AH− anion (which is re-
sponsible of the small more cathodic peaks cp2ACN at −1.27 V and
cp3ACN at −1.48 V (Table 1), could be considered as a substitute reac-
tion: (C1 + C8) AH3

− + AH2 → AH4 + AH −.
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Fig. 8. CVs of ALZ (2.58 mM) in ACN solution. (——) cathodic scan; (– – –) anodic
scan. The same solution with added 7.3 mM TFA: (– – –) cathodic scan; (● ● ● ●)
anodic scan. The same solution with 3.6 mM KOH added: (– ● – ●) cathodic scan. v:
0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4. The inset shows a CV for ALZ in
ACN, including only the first couple.

Scheme 6. Mechanism of electro-reduction of ALZ in ACN solution in the absence of
added acid or base.

Other fact to be considered to rationalize the CVs of ALZ is the
possible precipitation of the sodium salts of the negatively charged
species in ACN and other solvents (Tables 1 and 2 in Supplemen-
tary Material). If this phenomenon were important, these salts would
precipitate in the absence or presence of added base and this is not
observed in Fig. 8. However, the precipitation is not completely dis-
carded. For example, in a sweep potential including only the first ca-
thodic peak of ALZ/ACN/NaClO4 a decrease of the current intensity
for the corresponding anodic peak is observed (see inset in Fig. 8). The
precipitation could explain this behaviour. By contrast, in DMSO/Na-
ClO4 system, PP dye shows (Fig. 10S, full-line) a behaviour similar to
that observed for ALZ in ACN/NaClO4. In DMSO solvent in the ab-
sence or the presence of added base, precipitation does not occur (see
Table 2 and Fig. 10S in Supplementary Material). The precipitation
cannot describe this behaviour.

The evidence of the Na+ effect is on the shifts of the peak poten-
tials. The interaction between opposite charged species is stronger in
ACN than in DMF solvent. Then, the shifts of the cathodic peaks to
less cathodic potentials are larger for ACN. Both solvents have similar
acceptor numbers (ANACN: 18.9; ANDMF: 16.0) but the donor number
for DMF is higher than for ACN (DNACN: 14; DNDMF: 26), then the
weaker interaction of Na+ with ACN than with DMF favours the inter-
action of Na+ with the opposite charge species.

The CV behaviour of ALZ in DMSO, DMA, HMPA and PC solu-
tion is essentially the same one that was measured in DMF solution.

Only the two cathodic peaks at less cathodic potentials (Ecp1NMA:
−1.19 and Ecp2NMA: −1.44 V) are present in the CV of electro-reduc-
tion of ALZ in NMA solution (Table 1). Probably a similar rational-
ization to the mentioned above for ACN solvent may be given.

CV for ALZ in FM solution (Fig. 2S in Supplementary Mate-
rial) shows two well separated peaks (Ecp1FM = −1.07 (reversible)
and Ecp2FM = −2.54 V (irreversible)). The first electro-reduction step
is somewhat anodically shifted by 0.12 V respect to DMF
(Ecp1DMF = −1.19 V). The main specie of ALZ in FM solution is AH−

as it is shown in the UV-vis spectrum (λmax 556 nm, Fig. 1). The
current function value for the cp1FM (cfcp1FM = 28 A V−1/2 s1/2 M−1

10−3) corresponds to the transference of one electron if it is com-
pared with the value measured in DMF solution (two electrons:
57 + 24 + 35 = 116 A V−1/2 s1/2 M−1 10−3 or 58 if it is corrected by
the different viscosity of the solvents, ηDMF, 25 °C = 0.80 cP and
ηFM, = 3.30 cP [41]. The probable reaction scheme involves the reac-
tions C1, E4 (Ecp1FM: −1.07 V) and C2 (see Scheme 2). The specie
AH 2− formed by E4 is irreversibly electro-reduced at −2.54 V (Fig.
2S in Supplementary Material and Table 1). In the second electro-
chemical step the radical dianion, produced in the first step (E4) and
also in C2, is irreversibly reduced to the trianion. The irreversibility is
explained by assuming a fast irreversible protonation of the trianion.

It is known that FM has a large dielectric constant (109.5 [41]), a
considerably high Gutmann acceptor number (AN = 40), a quantitative
measure of Lewis acidity of the solvents, and is a solvent with ability
to form hydrogen bonding [42]. These characteristic properties of the
solvent must produce a high stabilization of the anionic specie AH
2− which, together with C2, causes the charge transfer process (E4) at
less cathodic potential than in DMF (Table 1), and also could explain
the high cathodic potential for the electro-reduction of AH 2− in FM.

For ALZ in NMF solution, the CV shows two very close cathodic
peaks at Ecp1NMF = −1.15 (shoulder) and Ecp2NMF = −1.32 V (Fig. 4S
in Supplementary Material and Table 1) and, a single absorption band
at 549 nm is shown in the UV-vis spectrum (Fig. 1) indicating that
the dye is completely mono-dissociated in this solvent, being AH−

the electroactive specie, as in FM. NMF has a lower acceptor number
(AN = 32) [42] and a lower ability to form hydrogen bonding than FM,
but its dielectric constant is very high (182.4). Therefore, the CV of
ALZ in NMF solution should present mainly the electro-reduction of
this specie as the first electro-reduction step as it is shown in Fig. 4S
in Supplementary Material, and the redox mechanism is the same as in
FM.

3.2.1.4.2. In the presence of TFA
ALZ in the solution of the solvents other than DMF in the presence

of added acid shows a similar behaviour than that measured in DMF
solution, therefore the reaction mechanism is the same in all studied
solvents. The electrochemical behaviour of ALZ in solution of a given
solvent in the presence of added acid results similar for both (Na+

and R4N
+) supporting electrolytes (see Figs. 4a, 5, 8). This behaviour

also evidences the interaction of the alkaline cation with the opposite
charge species.

3.2.1.4.3. In the presence of added base
CVs for ALZ in the solution of the solvents used in this work

other than DMF in the presence of high RKOH molar ratio (RKOH > 5)
show a cathodic reversible couple. There is a solvent effect on the
potential and current intensity of the cathodic couple in presence of
added base (Table 1). In general, the cathodic process occurs at less
cathodic potentials for solvents with high AN value (e.g. FM: 40,
MeOH: 41, EtOH: 37) and with ability to form hydrogen bonding,
than for solvents of lower value of AN (e.g. DMA: 14, DMSO: 19,
HMPA: 11) and without ability to form hydrogen bond. The sol-
vent effect on the redox potential is interpreted based on interaction
between solute and solvent such as solute-solvent hydrogen bond-
ing, Lewis acid-base interactions and solute-solvent p-stacking of ring
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systems. The ability to form hydrogen bonding and the high Lewis
acidity (AN) of the solvents like FM, MeOH and EtOH may
favourably stabilize the specie (A 3−, see E6 in Scheme 7) and then
the redox couple is observed at less cathodic potential than in solvents
with lower AN and without ability to form hydrogen bondings. The
hydrogen bond reduces the electron density on the carbonyl oxygen
atom(s) and thus increases the electrophilic nature of the aromatic sys-
tem and stabilizes the anion radical A 3− formed during the charge
transfer process [43].

A particular electrochemical behaviour is shown by the CVs mea-
sured for ALZ in DMA solution in the presence of added base. For in-
termediate concentrations of added base (RKOH ≈ 2), the CV shows a
cathodic process of adsorption on the vitreous carbon electrode in the
first cathodic scan, which is detected in the subsequent anodic sweep.
This adsorption is affected by the final concentration of the added base
and the electrochemical variables such as sweep rate, cathodic poten-
tial sweep limit and the time spent in the cathodic potential limit. In
Figs. 9 and 8S are shown some examples. The measured CV for ALZ
in DMA solution in the absence of base is similar to that measured
in DMF. In the presence of added base, for intermediary KOH con-
centrations (e.g. RKOH ≈ 2), Fig. 9, the anionic intermediate (probably
AH 2−) generated in the first cathodic scan is strongly adsorbed on
vitreous carbon electrode. The corresponding desorption is observed
in the subsequent anodic sweep as a wave whose maximum (poten-
tial and current intensity and charge) depends on the cathodic poten-
tial limit of the sweep and on the time spent in the electrosorption
potential zone. During the stopping potential, the surface of the elec-
trode is gradually covered by AH 2− (as Na+ salt, with NaClO4 as
supporting electrolyte). The electrosorbed species is electro-oxidized
on the surface of the electrode during the anodic scan. Therefore, the
potential for the electro-oxidation depends on the coverage and prob

Scheme 7. Mechanism for electro-reduction of ALZ in DMA solution in the presence
of added base.

Fig. 9. Cathodic CVs of 5.08 mM ALZ and 10 mM KOH in DMA solution, at different
times of stay at −2.0 V (Eτ). (● ● ● ●): 0 s; (– – –): 2 s; (——): 5 s; (– ● – ●): 60 s. v:
0.200 Vs−1; supporting electrolyte: 0.10 M NaClO4.

ably on the changes that occur on the surface [44]. For greater concen-
trations of base (RKOH > 2) electrosorption process is not observed, the
specie AH− is transformed in A2− and AH 2− is not formed. The new
proposed reaction mechanism is shown in Scheme 7.

During the cathodic sweep, the amount of adsorbed species [AH
2−ads] depends on the time that the electrode stays at the electroad-

sorption potential zone. For short times, electroadsorption hardly oc-
curs, so only diffusional AH 2− oxidation on anodic sweep is observed
(Fig. 9, dotted line). For longer times, the electro-oxidation of the ad-
sorbed species is shown by the anodic peak at potentials above −1.3 V.
The extent of adsorption of AH 2− also depends on the cathodic po-
tential scan limit (Fig. 8S in Supplementary Material).

3.2.2. Quinone dyes other than ALZ
The electrochemical parameters Ep and Ip for PP, QZ, ALS and

CA in solution of the different solvents studied are shown in Table 2
(in Supplementary Material). Some CVs as examples are in Figs. 5S,
6S, 7S and 10S in the Supplementary Material. There is an important
solvent effect on the electrochemical behaviour of these dyes in so-
lution. For instance, for PP the number of electro-reduction processes
observed in the first cathodic scan is 1 (in TMU, Table 2 in Supple-
mentary Material), 2 (in NMF, Table 2 in Supplementary Material,
Fig. 5S and FM, Table 2 in Supplementary Material) and 5 (in DMSO,
Table 2, Fig. 10S in Supplementary Material). Experimental observa-
tions which deserve some relevant considerations and their rational-
izations are summarized below.

a) CVs measured for the dyes in DMSO solution in the absence of
added acid or base show some more or less overlapping of the elec-
tro-reduction peaks (Table 2, Fig. 10S in Supplementary Mater-
ial). For example, PP (three acidic phenolic protons) shows five
peaks and QZ (four acidic protons) four peaks. The largest num-
ber of the protonation equilibria involved and the possible proton
transfers are responsible for the detection of those electron transfer
processes. The electrochemical (CV) and spectroscopic (UV- vis)
behaviour of PP and the other dyes in FM, NMF or TMU solution
is similar to the behaviour of ALZ in the same solvents. Some ex-
amples are shown in Supplementary Material (Fig. 5S).

b) Peak potentials measured in the presence of added acid (see be-
low, 3.2.2.1. Dyes other than ALZ in the presence of added acid or
base) are shifted in the less cathodic direction vs. Ecp1dye,solv mea-
sured in the absence of added acid. There is a solvent effect on the
magnitude of the shift (Table 2 in Supplementary Material). Thus,
for example, the shift is almost negligible for PP and AC in solu-
tion of DMSO solvent, while for AC in FM solution, the shift is
ca. 730 mV. This behaviour may be rationalized in terms of the
dissociation constant of the added acid (TFA) in the different sol-
vents [33,45]. The degree of dissociation of TFA is greater in sol-
vents with high dielectric constant (ε) and AN (e.g. FM, ε = 109,
AN = 40), so that in solution of this type of solvents the potential
shift caused by the added acid is greater than the shift observed in
solvents with less dielectric constant and AN (e.g. DMSO, ε = 47,
AN = 19).

c) Substitution of one hydrogen atom of Carom-H bond of ALZ by
a sodium salt of the sulfonic acid group (−SO3

− Na+) as in ALS
slightly modifies or does not modify the CV response of the dye in
solution. The negative charge on the sulfonate group dispersed on
the three oxygen atoms and the cation Na+ compensate the strong
electron withdrawing effect of a sulfonic group (-SO3H).

d) Some dyes precipitate in various solvents in the presence of added
base (Table 2 in Supplementary Material) probably as a conse-
quence of a competition between the ability of these solvents to
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solvate the species with negative or positive charges (cation of the
supporting electrolyte) and the common ion effect responsible for
the decrease in the solubility of an ionic species when a soluble
compound (supporting electrolyte) containing one of the ions (Na+)
of the precipitate is added to the solution. Under these conditions
no anodic or cathodic peaks are observed in the suitable range of
potential. Some examples are showed in Table 1 and in Table 2 and
Fig. 6S in Supplementary Material for CA in TMU (dashed-dotted
line).

3.2.2.1. Dyes other than ALZ in the presence of added acid or base
The electrochemical behaviour of PP, QZ, ALS and CA dyes is

also modified by the addition of an acid or a base. Only one cathodic
peak is detected with a sufficient excess of added acid (in all solvents)
or added base (in all solvents, except for the insoluble dyes in basic
medium, e.g. PP, CA, QZ, see Table 2 in the Supplementary Mater-
ial). The CVs of PP in NMF solution in the absence and in the pres-
ence of added acid or base are shown in Fig. 5S in the Supplementary
Material. The electro-reduction in the presence of a sufficient excess
of added acid shows only one peak shifted to less cathodic potential
respect to the first electro-reduction peak measured in the absence of
acid. There is a solvent effect on the magnitude of the shift. For ex-
ample, for PP in DMSO solution the only peak does not shift, while in
FM solution the shift is +0.45 V (see Table 2 in Supplementary Mate-
rial).

The electro-reduction in the presence of sufficient excess of added
base shows, in general, only one peak cathodically shifted respect to
the peak corresponding to the first electron transfer process measured
in the absence of added base. The magnitude of the shift depends on
the dye and the solvent. For example, the shift is 0.71 V for ALS in
DMSO solution, while it is 0.53 V in FM solution (see Table 2 in Sup-
plementary Material).

3.3. Anodic behaviour of ALZ and the other dyes

The peaks observed in the anodic sweeps in the CV experiments
are related to the electro-oxidation of the phenol moieties of the dye
molecules [46]: AH2 ↔ A + 2 H+ + 2e−, where A (see Scheme 3) is
the tetracarbonyl compound.

The general electrode reaction mechanism proposed is shown in
Scheme 2. The following aspects are particularly noteworthy and de-
serve to be discussed.

a) The electro-oxidation reaction of AH2 in DMF and others solvents
is quasireversible (Figs. 4a, 5, 8) and the reverse reaction seems
be the regeneration of AH2 (dotted line in Fig. 9S in Supplemen-
tary Material). This assumption is supported by the fact that in the
subsequent cathodic sweep, the current intensity of the peak cor-
responding to the reduction of AH2 in DMF (Ecp1 = −1.19 V) is
similar to that measured in the first cathodic sweep (Fig. 9S in Sup-
plementary Material).

b) The production of protons in the electro-oxidation reaction of AH2
is discovered in the CV in the subsequent cathodic scan. For in-
stance, for ALZ in DMF solution, the peak corresponding to the
electro-oxidation of ALZ in the first anodic sweep is observed at
Eap = +0.68 V, while in the subsequent cathodic sweep, the pro-
tons formed in this manner produce a peak prior (called pre-peak)
to the corresponding to the first electro-reduction of ALZ mole-
cule (see C6 and/or C8 in Scheme 2). The current intensity of the
pre-peak increases when the anodic sweep is stopped at a suitably
chosen anodic potential (Fig. 9S, stopped potential during τ: 0, 15
and 60 s).

c) For some dye/solvent systems, the peak potential and current in-
tensity of the electro-oxidation wave are not significantly modified
by the addition of acid. Some examples are ALZ in ACN, DMA,
DMSO, EtOH or TMU; PP in TMU; QZ, AC and ALS in DMSO,
or ALS in TMU (see Tables 1 and 2 in Supplementary Material).
This behaviour is related to the extension of the dissociation of the
dye molecule. A typical example is the ALZ molecule in ACN,
solvent in which ALZ is practically undissociated (Fig. 2). Under
these conditions, the addition of acid does not affect the reaction
mechanism because the starting reagent is not altered by the pres-
ence of the added acid. For this type of solvents the most prob-
ably mechanism could be Ea1–Ca1-Ca3–Ea6 (Scheme 2) in the
absence and in the presence of added acid. The global process ob-
served at the oxidation wave Eap = +1.14 V (Table 1 and Fig. 8)
shows two exchanged electrons as predictable.
For other dye/solvent systems in which the dye molecule is highly

dissociated even in the absence of added base, as for example ALZ
in NMF (Fig. 1) or PP in FM (UV-vis spectra not shown), the re-
actions Ea3, Ea4 and Ca4 (see Scheme 2) must be added to
Ea1–Ca1-Ca3–Ea6 (see Scheme 2), because the electro-oxidation of
AH− is also possible.

According to the reaction scheme proposed, the electro-oxidation
peak potential depends on the position of the equilibrium C1 (Scheme
2). For example, ALZ in NMF solution (high dissociation acid con-
stant for phenolic-OH groups, Fig. 1) in the absence of acid, the maxi-
mum of electro-oxidation wave is observed at +0.10 V, and it is anod-
ically shifted in 0.49 V in the presence of added acid.

a) The electro-oxidation of ALZ and the other dyes in solution in the
presence of base (e.g. Figs. 5, 4S and 5S) occurs at a lower anodic
potential than in the absence of base. The formation of the more
easily AH− and A2− oxidizable species in the solution in the pres-
ence of added base (Scheme 8) are responsible for the shift of the
electro-oxidation wave.

b) Table 1 includes the CV parameters Ep and current function
(cf = Ip/v1/2 × [dye]) for intermediate molar ratios RKOH, e.g.
DMSO, RKOH ≈ 2 (anodic scan). For this low RKOH value, more
peaks are detected in the anodic sweep than those measured when
KOH is added in higher RKOH value. Though the effect of the RKOH
molar ratio on the CV response has not been studied in great de-
tail, the results show, for example, that only one anodic peak is ob-
served in the CV for ALZ in ACN solution when RKOH ≈ 1.4 (Fig.
8) while in FM solution a RKOH ≈ 14 is required (Fig. 2S). There
is a solvent effect on the anodic peak potential obtained for higher
RKOH values (RKOH > 5). The solvent effect again may be rational-
ized by using the empirical parameter AN. The electro-oxidation
peak potential for ALZ in the presence of added base and its de-
pendence with the AN parameter for various solvents is shown in
Fig. 10. A2− dianion is slightly stabilized by solvents with small
AN values (TMU, HMPA, or DMF). Therefore, A2− is more easily
oxidizable and its electro-oxidation peak potential is shifted to less
anodic values.

Scheme 8. Electro-oxidation reaction mechanism proposed for ALZ in solution of all
studied solvents in presence of base.
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Fig. 10. Dependence of anodic peak potential (Eap) of the ALZ in solution in the pres-
ence of added base (RKOH > 5) with the Gutmann acceptor number (AN) of the solvents.
Supporting electrolyte: 0.1 M NaClO4. Sweep rate: 0.200 Vs−1.

3.4. Stepwise vs. concerted transfer of an electron and a proton

Finally, a quick view of the stages that make up the general mech-
anism of electro-reduction of anthraquinone dyes leads us to think
about the possibility of the presence of the proton-coupled electron
transfer (PCET, reactions involve the concerted transfer of an electron
and a proton [47]) [48–50]. Within this scheme, three main cases can
be distinguished:

a) Electron transfer and intermolecular proton transfer. It is widely
accepted that the first stage of electro-reduction of quinones and
related compounds is the formation of the radical anion. Further
reactions will depend on a number of factors such as the stabil-
ity of the radical anion, the medium or the temperature. The ini-
tial radical anions corresponding to the anthraquinone dyes studied
in our work are sufficiently stable to be detectable by CV or EPR
when they are generated by a controlled potential electrolysis as it
was measured in our laboratory [51]. From these results it is de-
duced that the proton transfer from another molecule is relatively

slow in the experimental conditions studied, consequently we dis-
card the existence of stages based on PCET reactions.

b) Electron transfer and proton transfer from an external source of
protons (added acid). This case is similar to the previous one, but
the greater availability of protons is manifested in the increase of
the proton transference rate of the acid (TFA) towards the radical
anion initially formed. The influence of the solvent when the dye
is in the presence of an excess of protons is manifested in the vari-
ation of the acid dissociation constant and the proton transfer rate
constant of the acid to the electro-generated bases with the nature
of the solvent [38]. Therefore the values of these parameters de-
termine the electrochemical parameters, Ep and Ip. Thus, solvents
with poor donor capacity (e.g. ACN) produce higher proton trans-
fer rates resulting in a more reversible response and a less cathodic
potential. With similar considerations to the previous case, here
also we discard mechanisms that involve stages based on PCET re-
actions.

c) Electron transfer and intramolecular proton transfer. Evidently,
the proton transfer (deprotonation) exists in the neutral dye mole-
cule prior to the electron transfer, as Habeeb and Alghanmi point
out [52]. Under these conditions the equilibrium position of AH−

formation will depend on the interaction of HO at position 2 with
the solvent (:S) (see Scheme 9). Thus, the highly donor solvents
(FM, HMPA) shift the reaction towards the formation of AH−,
as opposed to the poor donor solvents (ACN) in which there is
practically no dissociation. This is the scenario in which electron
transfer occurs in the electrode/solution interface. The question
is whether the formation of the radical anion AH2

− in the first
stage influences the intramolecular transfer equilibrium in the neu-
tral molecule (AH2). The presence of the negative charge makes
less important the interaction with the solvent described above.
But in the presence of donor proton solvents (e.g. ROH), the rad-
ical anion AH2

− is stabilized through the negative charge. In
this case it is feasible to think that intramolecular protonic trans-
fer is not favourable. For this reason we consider that the elec-
tron transfer potential position is a result of a complex mixture of
several factors: i) intrinsic stability of the radical anion. The nu-
merous resonant and tautomeric structures describe this stability,
ii) the interaction of this charged species with highly accepting

Scheme 9. Proton transfer in the dye neutral molecule prior to the electron transfer.
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solvents (ROH), and iii) the interaction of the cation of the support-
ing electrolyte with highly acceptor solvents. The greater or lesser
solvation of these cations consequently determines the stabilization
of the negative charge in AH2

−.

4. CONCLUSIONS

Different responses have been observed in the electrochemical
characterization of five hydroxyanthraquinone dyes in organic solvent
solutions. The electro-reductions/oxidations occur in accessible poten-
tial zones. The reactions are strongly influenced by the medium (sup-
porting electrolyte, solvent, and added acid or base). Solvents modify
the electrochemical response through their dielectric constant, H-bond
ability and charge acceptor/donor properties. These properties modify
the dissociation equilibrium of the phenolic-OH and the degree of sta-
bilization of charge species (mainly anions). Solvents with strong ac-
ceptor properties favour the dissociation of the phenolic-OH groups,
increasing the concentration of the deprotonated species of the dyes in
solution. The protonated, parcially o totally deprotonated species are
identified by absorption UV-vis spectroscopy.

According to our knowledge, this is the first work that clearly
shows that the hydroxyanthraquinone dyes can be found as neutral
molecules, partially or totally deprotonated species in solution of nu-
merous non-aqueous solvents in the absence of added acid or base.

The addition of acid to the electrolytic medium affects the elec-
tro-reduction process according to the molar ratio Racid = [acid]/[dye]
value. The electro-reduction of the dye in the presence of added acid
occurs at less cathodic potential than without added acid, being facil-
itated in this way the process of reduction of the dye. As experimen-
tally measured in the presence of added acid, the increase in Racid hin-
ders the electro-oxidation, due to the decrease of the concentration of
the dissociated forms of the dye, and consequently, the decrease in
Racid also hinders the electro-reduction of carbonyls by increasing the
concentration of the anions.

The electro-reduction of the neutral non-dissociated species has
been postulated in the literature for several hydroxyanthraquinones in
aqueous basic medium even with a high molar ratio [NaOH]/[dye].
Our voltammetric and spectrophotometric results show that this state-
ment must be rejected. The cathodic process is at more cathodic po-
tentials in the presence of an excess of added base than without base,
because the dissociated species are the predominant ones for high mo-
lar ratios Rbase = [base]/[dye]. A particular electrochemical behaviour
is observed for ALZ in DMA solution with added base in intermedi-
ate Rbase values. The monodissociated dye is in solution in this experi-
mental condition and its reduction product, the radical-dianion, is elec-
trosorbed on the vitreous carbon electrode.

The electro-oxidation behaviour of the dyes is also influenced by
the extension of the acid dissociation of the dye molecule. When the
dye molecule is non-dissociated in a given solvent, the addition of acid
does not affect the anodic behaviour. On the other hand, for other dye/
solvent systems in which the dye molecule is highly dissociated the
electro-oxidation occurs at less anodic potentials and an effect of the
added acid is observed in the cyclic voltammogram.

A very important role plays the supporting electrolyte. The pres-
ence of alkaline cations allows the CV detection of more charge trans-
fer processes respect to the more inert tetraalkylammonium cation.
The relative current intensities of the CV detected processes in the
presence of alkaline cations are also influenced by the above men-
tioned variables. The study of the effect of the supporting electrolyte
on the electrochemical behaviour of the hydroxyanthraquinone dyes
reveals the confusion published in the literature that the electro-reduc-
tion of the hydroxyquinones proceeds only through the formation of a
radical-anion and a dianion.

For comparison with related compounds (9,10-anthraquinone and
phenols), it is possible to conclude that the electrochemical reaction
products come from the electro-reduction of the carbonyl-quinone
groups strongly assisted by phenol moieties, while the electro-oxida-
tion is mainly due to phenolic groups modified by the quinone groups.

A general square reaction scheme, including all the electro-reduc-
tion/oxidation processes and the chemical acid-base equilibria, is pro-
posed. Furthermore, the most important reaction routes for particular
dye/solvent systems without or with added acid or base are empha-
sized and rationalized.
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