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Electrochemical and density functional theory studies of
some newly synthesized azo-stilbene chromogenic

structures
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Abstract The electrochemical behavior in nonaqueous media of a series of
five newly synthesized azostilbene dyes is investigated with the aim of
elucidating the anodic oxidation mechanism of the latter to gain a better
understanding of potential oxidative degradation phenomena in order to find
new and environmentally sustainable electrochemical methods for the
abatement of dyes from industrial wastewater. In addition, the frontier orbital
energies of optimized conformers have been computed using quantum
chemical calculations at the B3LYP-D3 (dispersion corrected Becke, 3
parameter, Lee Yang Parr) level of theory. Cyclic voltammetry experiments
show that anodic oxidation of the studied chromophore structures follows an
irreversible pathway and most probably occurs at the amide nitrogen.
Validation of experimental results has been conducted by computation of
various global reactivity descriptors, confirming that substituents grafted on

the benzene ring actively influence the oxidation/reduction potentials.
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Introduction
Azo dyes, representing the largest cluster of synthetic colorants, account for
about 60 % of the known commercial dyes as well as for 70% of all the
chromogenic structures synthesized worldwide [1, 2]. Azo-stilbene dyes
represent a subdivision of the class of azo dyes, being prepared by means of
the classical azo-coupling reaction starting from 4,4'-diamino-2,2'-
stilbenedisulfonic acid [3]. Considering that about 70 % of all industrially
useful chromogenic structures are azo derivatives [4] it is no surprise that
their field of application expands to numerous other domains like food
industry, pharmaceutical, cosmetic, textile, and leather industries, printing,
optical materials, medicine etc. [5-9]. Some of the most significant examples
regarding the wide range of applications that characterizes this category of
dyes are mainly: optical materials [10], antiviral agents [11] and in various
dyeing processes of cellulosic fibers [12], with a special emphasis on those
with fluorescent properties. This class of dyes is also being investigated in
connection to its potential use in organic light emitting diodes (OLEDs) [13,
14] etc. To our knowledge so far, bibliographical data related to the
electrochemical behavior of dyes based upon the azo stilbene scaffold is
quite limited.

In this regard, we have investigated a series of azo stilbene dyes

obtained, using acetoacetanilides substituted at the aromatic ring as coupling
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components [15], by means of cyclic voltammetry in nonaqueous solvents as
well as quantum chemical calculations.

Electroanalytical techniques, with their purposeful approach and
substrate specific acuity towards the investigated processes make them
attractive alternatives to other analytical methods [16 - 18]. Electrochemical
analysis and syntheses of organic compounds has gained momentum in the
last decade, mostly because of its environmentally benign approach, the cost
effectiveness and its enhanced process safety [19]. Variously modified
anodes have successfully been employed in numerous attempts towards
electrochemical degradation and discoloration of azo dyes in the effort of
developing more efficient industrial wastewater treatment methods [20 - 22].

Cyclic Voltammetry, a well-known versatile and effective
electroanalytical technique has been employed to shed light mostly upon
qualitative aspects of charge transfer phenomena [23]. As a valuable tool,
voltammetry has often been used in the study of mechanistic as well as
kinetic aspects of electrode processes involving organic dyes [2, 16]. Our
previous findings regarding the electrochemical behavior of variously
substituted nitrogen heterocycles [24, 25] showed that cyclic voltammetry
can be successfully employed in elucidating charge transfer mechanisms

involving complex organic structures.
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Based on our earlier work in investigating electrode processes of
organic substrates, we herein report the electrochemical and computational
study of a series of five newly synthesized azo-stilbene chromogenic
structures as described in Scheme 1. The latter dyes have been investigated
using cyclic voltammetry in nonaqueous media as well as by calculating
various quantum chemical parameters, to elucidate the mechanisms that
could cause color fading due to various oxidative processes occurring within
the substrate molecule as well as potential new methods of abatement of
synthetic colorants from certain eluents [21, 26]. Since the electrode
potentials at which oxidation and reduction of organic compounds takes
place largely rely on substrate molecular geometry as well as spin density
distribution, appropriate computational models must be employed for a
comprehensive understanding of the electrochemical processes that they
undergo [27]. Quantum chemical methods, like the Density Functional
Theory (DFT) are indispensable means that, complementary to experimental
results, contribute to elucidating the voltammetric behavior of organic
substrates [28].

Scheme 1
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Results and Discussion

Electrochemical behavior

Compared to other methods currently in use, anodic oxidation of
chromogenic substrates, leading to easily removable and/or biodegradable
compounds, has attracted many research teams around the world [26, 29]. In
this respect, assessment of redox stability of organic dyes and investigation
of possible oxidation pathways is of paramount importance.

The stability towards oxidation/reduction of five variously substituted
derivatives of 4,4’-diaminostilbene-2,2’-disulfonic acid (compounds 1 - 5,
Scheme 1) has been investigated by cyclic voltammetry in deoxygenated
nonaqueous DMSO with the aim of revealing the specific oxidation

pathways and mechanisms leading to the specific degradation products.
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Figure 1 presents the typical current-voltage diagrams of the stilbene
dyes recorded in anhydrous, deoxygenated DMSO using Pt working and

counter electrodes.
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Fig. 1 Cyclic voltammograms of compounds 1 - 5. Conditions: substrate
concentration, ¢=2-107 mol-dm™; scan rate 50-10° V-s™'. Dotted line: Cyclic
voltammogram of 1 - 5 cathodic scan, recorded in the same conditions. Inset:

variation of oxidation peak potential with logarithm of scan rate.

While varying the electrode potential towards positive values, one
well-defined oxidation peak (4) appears on all voltammograms at potentials
between 0.5 V (compound 2, Scheme 1) and 7.5 V (compound 3, Scheme 1).
No other oxidation waves occur within the studied potential range. Reversing

the scan direction reveals a sharp, pronounced reduction peak (C1) occurring
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at potentials ranging from Ec;=-0.96 V (compound 5, Scheme 1) and -1.73 V
(compound 3). A second, less delimited reduction wave (C2) of smaller
height and significantly broader shape occurs at potentials between Ec,=
-1.44 V (compound 5) and 1.81 V (compound 3). A third, weaker, but well-
defined cathodic peak (C3) occurring at potentials between -1.73 V
(compound 4, Scheme 1) and -2.14 V (compound 3) is characteristic for all
studied dyes. Although, while scanning over the full potential scale of the
electrochemical window reveals all signals reported above, sweeping the
potential cathodically, starting from the open circuit potential (OCP),
remarkably reveals only the last two reduction peaks C2 and C3 (Fig. 1
dotted line).

Considering the shape of the voltammograms of substrates 1 - 5
(Scheme 1) with respect to the single anodic wave (4) (Fig. 1) and bearing in
mind that the cathodic scans give rise of only two well defined reduction
signals, one can assume that peak C1 occurs as a direct consequence of the
previous anodic oxidation of the investigated dyes. This behavior is a
common feature for all derivatives except for compound 2, which is the only
structure in the studied series lacking this specific signal.

The anodic signal (4) observed in all investigated compounds as well
as the lack of any coupled reduction peak within the anodic potential window

i1s the most obvious criterion for its electrochemical irreversibility. This
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behavior can come because of two types of mechanisms, namely: a relatively
fast succeeding homogenous reaction preceded by the loss of an electron
[30], or a high kinetic barrier of the heterogeneous electron transfer resulting
in a sluggish electron release step [31]. The latter option would be thus
characterized by a small heterogeneous charge transfer rate on the timescale
of the experiment, relative to the rate of diffusion.
Investigation of surface phenomena
To undertake a preliminary assessment on the prospect of the surface
phenomena mentioned above, multi-cyclic scans of the studied compounds
have been recorded, a representative example being shown in Fig. 2. As can
be seen, the height of the oxidation peak 4 regresses with a small amount on
every successive scan upon cycling multiple times at the same sweep rate.
This behavior often relies on electrode fouling or upon adsorption [32].
Electroactive materials, such as organic molecules, reaction
intermediates or products of the ongoing processes can deposit onto the
electrode, contaminating its surface thus altering the current - voltage profile
[33]. Although in some cases the compounds confined at the metal/solution
interface act as mediators, thus enhancing electron transfer, in most instances
the adsorbed species simply acts as inhibitors diminishing the heterogeneous
charge transfer rate constant [34]. The latter case may cause a certain

deviation from linearity of the peak potential dependence on the logarithm of
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sweep rate at higher scanning speeds seen in substrates 1, 4 and 5 (Fig. 1
Inset).
For an electrochemically irreversible system under pure diffusion

control, the Randles-Sevcik equation specifies the voltammetric peak current

[35, 36]:

. 5 12 112112
i,=2,99%10°n(an, )" AC, D" (1)

In this case, i, corresponds to the peak current density, n denotes moles of
electrons exchanged per mol of substrate, a is the charge transfer coefficient,
na stands for the stoichiometric number of electrons transferred during the
rate determining step, A being the electrode area, C. the substrate
concentration at infinite distance (into the bulk solution), D the diffusion
coefficient of the electroactive species and v the potential scanning speed. It
follows straight forward that an irreversible electrochemical system under
diffusion control and no kinetic complications should exhibit a linear
variation of i, relative to v'”* with the origin as the intercept [37].

The inset of Fig. 2 shows that the anodic process of substrate 1 follows
the modified Randles-Sevcik equation (Eq. 1). The peak current follows a
linear variation with respect to the square root of the sweep rate but clearly
deviates from the origin thus reflecting either a certain influence of
adsorption or of a coupled chemical reaction on the overall potentiodynamic

response [37, 38]. This underpins the irreversibility of the anodic process
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associated with peak 4 and on the other hand the predominant diffusion
control at lower sweep rates. Deviation from linearity at higher scan rates
(i.e., peak heights I, lower than predicted) is apparent in the I, vs. v"*plot. At
sweep rates above 0.1 V's™', the oxidation of the studied compounds occurs at
much higher potentials (Fig. 1 a-e Inset) and generates lower peak intensities
than predicated by the linear correlation (Fig. 2 Inset)

A plot of log/ vs. logv recorded for the oxidation peak of substrate 1
(Fig. 3 Inset A) renders a straight line with the slope of 0.37, diverging from
the theoretical value of 0.5 [39]. This can originate in electrode surface
fouling due to specific adsorption of non-electroactive species or to adherent
oxidation products formed at the metal/solution interface, impeding the
electrode reaction [40]. This leads to smaller charge transfer rates and higher

oxidation overpotentials [41].
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Fig. 2 Cyclic voltammogram of 1 over the entire potential window, 4 cycles.
Conditions: substrate concentration, ¢=2-10° mol-dm?; v = 50-107 V-s™.

Inset: variation of oxidation peak height on square root of the scan rate.

Influence of sweep rate variation

To thoroughly investigate the electrochemical properties of the studied dyes,
we further analyzed their anodic oxidation. Appropriate and more detailed
information on the parameters playing a role in the overall anodic oxidation
process of the investigated dyes, including the charge transfer kinetics can be
obtained by recording the cyclic voltammograms of the studied substrates at

various sweep rates.

Table 1 Voltammetric data collected for dyes 1 - 5%

Dye EA / Vb) Ec1 /'V Ecz /'V Ec3 /'V (EA-EA/z)‘10_3/ A\Y4 (éEA/éIOgV) /'V

0.696 -0.988  -1.579 -1.742 0.179 0.076
0.491 -1.678  -1.791  -- 0.099 0.061
0.749 -0.989  -1.788  -2.136 0.205 0.199
0,677 -0.956  -1.499 -1.727 0.157 0.097
0.725 -0.960 -1.466 -1.778 0.156 0.139

14

15

¥ Conditions: substrate concentration ¢=2-10~ mol-dm>; v=50-10> Vs

® Potentials referred to the Fc/Fc™ redox couple

12
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A set of voltammograms, typical for the entire investigated series, is
that of compound 1, depicted in Fig. 3. It is obtained by polarizing the
electrode from the OCP towards more positive values and varying the sweep
rate for each scan (between 0.01 and 0.4 V's™). No reduction signal in the
reverse scan is visible, even at very high v over this potential range,
suggesting a sluggish charge transfer or the occurrence of a coupled chemical

reaction [30, 31], rendering the overall process as irreversible.
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Fig. 3 Cyclic voltammogram of 1, anodic region. Conditions: substrate
concentration, ¢c=2-10" mol-dm™; scan rates 10 - 400-10° Vs Inset A: Plot
of'log/ vs. logy for the oxidation peak of substrate 1. Inset B: Variation of the

current function (/x-v'"?) with v for the oxidation peak of substrate 1
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It is noteworthy that, for a totally irreversible anodic oxidation
process, the peak potential varies with sweep rate, shifting towards more
positive values, by a factor of 30/a mV at 25°C, for a tenfold raise of the
scanning speed [33, 42]. All studied compounds account for an anodic signal
(A) that shifts towards more positive potentials with increasing v. This
common feature, visible in all studied cases, leads to E4 varying linearly with
logv (Fig. 1 inset). However, linearity of the peak dependency on v holds, in
some cases, only for sweep rates lower than 0.2 V's™'. At higher scanning
speeds, the slope changes to greater values, probably due to the increasing

influence of adsorption phenomena [43].
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Fig. 4. Cyclic voltammogram of 2 anodic region. Conditions: substrate
concentration, c=2-107 mol-dm™; scan rates 0.01 - 0.4- V-s™' Inset: Variation

of the current function (Ix-v'?) with v for the oxidation peak of substrate 2
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Voltammograms of dye 2 drawn by scanning towards positive
potentials at various sweep rates are shown in Fig. 4. A single relatively
weakly contoured wave can be seen at Ex= 0.87 V vs. ref (v = 0.05 V-s™),
shifting towards more positive values with increasing v. It shows no cathodic
counterpart over the given potential window, even at higher scan rates
suggesting an irreversible charge transfer process. It is worth mentioning
that, although the oxidation of compound 2 occurs at a less positive potential
compared to the other studied dyes, its general electrochemical behavior is
following the established pattern seen in all investigated substrates (Figure
1). The difference in oxidation potential most probably relies on the
electronic effects exerted by the two methyl groups over the reaction center
(vide infra).

The so-called current function, (i.e., the peak height /,, normalized
with the square root of v) I, v calculated for the oxidation signal of all the
studied dyes and plotted against v (Figure 3 inset B, Figure 4 Inset) reveals
remarkably similar shapes for all compounds, namely an exponential decay.
The latter behavior is suggestive for a slow charge transfer reaction followed
by an irreversible homogeneous reaction (ECi mechanism) [44, 45].

As can be seen in Figure 5, the oxidation peaks get broader with
increasing scan rate and the peak potential varies linearly with the logarithm

of v (Figure 1 Inset), with slopes ranging between 0.061 and 0.099 V per

15
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tenfold increase in v. Both behaviors suggest that the anodic oxidation of the
studied dyes occurs at potentials much higher than the formal potential, i.e.,
at high overpotentials [46]. Thus, the rate-limiting step probably consists of a
slow heterogeneous charge transfer occurring under diffusional control.
Estimation of charge transfer coefficients

The anodic transfer coefficient was determined in order to get more insights
on the mechanism of anodic oxidation of the latter dyes, using three separate
methods.

Voltammograms on completely irreversible reactions, where the peak
is broadening with increasing sweep rate, like the ones investigated herein,
are known to be characteristic for slow charge transfer followed by a coupled
homogenous reaction [43]. In these cases, Tafel analysis could facilitate
determining the transfer coefficient for the rate determining step, a.q [47].

In this first approach, a Tafel plot (Fig. 5 Inset) was drawn from the
anodic response of the studied dyes recorded at a low scan rate (v = 0.01
V's). To quantify the influences of heterogeneous charge transfer kinetics
more accurately and to avoid the effects of diffusion that are more visible

near the peak [48], only the rising part of the peak current was considered.

16
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Fig. 5 Variation of Ex-Ea» on the scan rate range 0.01-0.4 V-s' for
compounds 1 - 5. Inset: Tafel plot drawn from the rising part of the current-

potential curve of compound 1 recorded at v=10.01 V s

Typical Tafel behavior with linear dependence of the logarithm of
current on the applied potential is being observed for all studied dyes. For
substrate 1 (Scheme 1), for example, it holds for potentials between 0.77 -
0.88 V vs ref. The slope of the latter linear regression can be employed to
estimate the value of a4 [49] using the following equation [34]:

b=2.3'RD)/( o n’-F) (2)
where b stands for the Tafel slope, R - the universal gas constant, n’ the
number of electrons exchanged in the rate determining step per substrate

molecule. Data for all investigated dyes are listed in Table 2.
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Table 2. Anodic transfer coefficient, assumed number of electrons, mean

value of AE,

Dye” Olrg” Oavg” Oapp”) n’ (assumed) (Ea-Enn)ae/ V
1 0.308 0.388 0.283 1 0.199

2 0.276 0.401 0.478 1 0.101

3 0.265 0.188 0.249 1 0.205

4 0.349 0.304 0.332 1 0.167

5 0.366 0.293 0.326 1 0.168

“Conditions: substrate concentration ¢=2-10" mol-dm?, ref. Ag/AgCl
® Data obtained from the Tafel plot at v=0.01 Vs
© Data obtained from the slope of Ea vs. logv; uptov=0.1 V's™

9 Data obtained using Eq. (4)

Secondly, data shows that for each studied dye, the anodic peak
potential (E4) varies linearly with the logarithm of v. Up to 0.1 V's™ (Fig. 1 a-
e Inset) the slope of the latter dependency is utilized for calculating an
average value of the transfer coefficient over a broader range of scan rates,
oave [50]. For the case of an irreversible electrode process, like the ones
shown in this work, the linear dependency between the peak potential and
sweep rate can be described by Eq. (3) [51].

Ex=(b/2) log v+ Cst 3)

18
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The values for a.,, presented in Table 2 are in good agreement with those
obtained using the first approach.

Thirdly, it has been shown that for irreversible electrochemical
signals, like the ones studied herein, the difference between the peak and
half-peak potential, Ex (i.e., the electrode potential recorded at half the peak
height) is inversely proportional to the apparent charge transfer coefficient,
aapp according to Eq. (4) [33, 35, 38].

\Ea - Eanl = 1.857RT/0tappn " F (4)

In the above equation n’ stands for the number of electrons transferred
per substrate molecule during the rate determining step, while R, F and T
have their usual meanings. Table 2 shows values for (Ex - Ear), for each
substrate averaged over the entire range of sweep rates. The resulting values
for a., are consistent with a one-electron transfer per molecule in the first
oxidation step of the investigated substrates.

The assumption of a slow heterogeneous charge transfer as the first
oxidation step, is further underpinned by the value of the anodic transfer
coefficient that is constantly lower than 0.5 (Table 2) suggesting a concerted

oxidation pathway governed by charge transfer kinetics [52].
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Calculation of frontier orbital (FO) energies, DFT computations
It 1s known that the redox properties of organic substrates are deeply linked
to their electronic structure thus, quantum chemical calculations can offer the
necessary background to sustain the results obtained experimentally.
Substituents grafted on the outer benzene ring play a significant role
through their electronic effects on the voltammetric response of the
mentioned substrates. Compound 2 (Scheme 1), for example, bears two
methyl groups grafted on the outer benzene ring. While the one in para
position exerts its resonance electron donor effect (+M) through hyper-
conjugation, the same group placed in the ortho position shows an inductive
donor effect (+/), leading to an electron-rich amidic nitrogen as the main
oxidation site. The same rationale holds for compound 3 (Scheme 1), where
the para methoxy group as well as the chlorine at the meta-position, both
showing mesomeric electron donor effects (+M), increase the electron
density at the carbon atom linked to the amidic nitrogen thus leading to a
higher spin density at the latter reaction center. The inductive electron
releasing effect of the methyl group present in dye 5 (Scheme 1) could favor
an extended conjugation in the phenyl-amino-enolic tautomer (Scheme 2).
On the other hand, the chlorine atom in dye 4 (Scheme 1), with its strong —/

effect could favor an internal conjugation between the amino- and the phenyl
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groups, hence decreasing electron density as well as the extended

conjugation with the azo-stilbene system.

Scheme 2
R2
.q(L“H 0. OH
HQ \—'\ .o \S\\
N Oy
SeYas
)
S N\\’) O
Hos N

The above presented data, point towards an EC;yE mechanism
involving a slow initial one-electron charge transfer step with the formation
of a radical cation intermediate, most probably at the amidic nitrogen atom,
followed by the deprotonation of the latter and subsequently by a second
charge transfer step in which the deprotonated intermediate loses one
electron. To further substantiate these findings and to get more detailed
information on the charge transfer site of the substrate molecules,
computational optimization of the studied structures has been employed and
energies of frontier orbitals as well as other reactivity descriptors have been

computed.
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The ground state geometries of compounds 1 - 5 (Scheme 1) have been
preoptimized using the Hartee-Fock method using the 3-21G basis set.
Density functional theory (DFT) at the B3LYP-D3 level using the 6-31G*
basis set was applied for the final geometry optimization in the gas phase, as
well as for the calculation of FO energies, dipole moments and
polarizabilities. Solvation energies have not been accounted for since solute-
solvent interactions as encountered in the bulk solution do not apply as such
to the electrical double layer.

Anodic oxidation of organic substrates occurs by discrete electron
release from the highest occupied molecular orbital (HOMO). Thus, in order
to investigate possible oxidation sites of the studied chromogenic structures,
electron density calculations were performed on the ground state
conformers. The optimized structures of the investigated dyes, the
localization of spin densities of the HOMO, and the orientation of the
molecular dipole moment are presented in Figure 6 and their energy values
enlisted in Table 3.

As can be seen, the HOMO orbitals of all the studied diaminostilbene
derivatives are delocalized on the outer benzene ring and, more importantly,
on the nitrogen atom of the acetamide moiety, making this part of the

molecule more susceptible to electron release.
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To confirm the calculated values, the FO energy levels for all five
substrates have been estimated using information gathered by cyclic
voltammetry. The energy of the HOMO was calculated using the potential
corresponding to the rising part of the oxidation wave measured at a scan rate
of 0.05 Vs, the so-called onset potential (Eosec ) [53]. This region is
defined as being the potential at which the release of one electron from the
molecular HOMO becomes detectable from the rise in anodic current. The
inverse rationale involving the onset potential of the reduction wave, Eonset *
holds for the acceptance of one electron on the molecular LUMO [54]. The
FO energy levels estimated from CV are obtained using equations (5) and (6)
considering the formal potential of the Fc/Fc™ couple being 5.1 €V on the

Fermi scale [55].

EHOMO = '(Eonset Ox + 51) / CV (5)

ELUMO = '(Eonset Red + 51) / CV (6)

The FO values estimated from CV (Table 3) are in good agreement
with those obtained by computational DFT simulations (Figure 6). The
observed differences could arise due to experimental conditions, considering
that the voltammograms are prone to solvent effects while DFT geometry

optimizations have been conducted in the gas phase. The latter finding
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1 underscores the validity of the computed values and the interactions of the
2 grafted substituents with the reaction center. From the values presented in
3 Table 2, one can see that substrate 2, baring 2, 3-dimethylaniline groups
4 accounts for the highest HOMO energy level, whereas substrate 4, baring 2-

5 chlorolaniline scaffold shows the lowest energy level.

M ] 5
7 Fig.6 HOMO profiles and dipole moment orientations calculated for the

8 optimized geometries at the ground state for dyes 1 - 5
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Variation of the FO energy thresholds as a result of altering the
substituents attached to the acetamidic nitrogen is another argument that
upholds the hypothesis that anodic oxidation occurs primarily on the latter

site.

Table 3 Frontier orbital energies derived from voltammetric data, calculated

dipole moments for dyes 1-5

Dye  Epsa ™ Eonset X0 Enomorumo®  Dipole E,°©

/VEeket /VFerper eV moment® /eV

/D

1 0.447 -1.671 -5.55/-3.43 6.25 2.12
2 0.402 -1.777 -5.50/-3.32 7.93 2.18
3 0.418 -1.938 -5.52/-3.16 3.17 2.36
4 0.554 -1.639 -5.65/-3.46 6.11 2.19
5 0.543 -1.639 -5.64/-3.46 8.79 2.18

“ Estimated using Eq. (5) and (6) respectively
® Calculated using DFT methods

© Calculated as E; = |Enomo-Erumo| as estimated from CV [56]

The response of the investigated stilbene derivatives to an externally

applied electric field can be quantified by the magnitude and orientation of
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the dipole moment obtained through DFT calculations. It is known that
molecular dipole moments arise mainly from differences in electronegativity
(i.e., charge separation) within the given structure. Higher values of the
dipole moment denote a larger charge separation, are hence characteristic for
a more polarizable molecule that could adsorb more easily onto the electrode
[57]. Data listed in Table 3 suggests that compound 3 (Scheme 1) is the least
polarizable substrate while the largest dipole moments are shown by
compounds 2 and 5 (Scheme 1), both bearing methyl substituents. This
behavior is consistent with observations suggesting the strong adsorption
tendency of dye 2 as well as an important contribution of the methyl group on
molecular dipoles due to its mesomeric electron releasing effect [58].

In our case, the dipole moment seems to correlate well with the
electronic effects of the attached functional groups. This means that the
electron-donating methoxy group accounts for a larger delocalization of spin
densities whereas the attached chlorine compensates the latter by its electron
attracting inductive effect, leading to lower intramolecular charge
separation, as well as for a less positive oxidation potential.

FO energies as well as the so-called HOMO - LUMO gap (E,), have
been calculated and are presented in Fig.7. E, can be seen as a measure of the
energy needed to promote an electron from the molecular HOMO to the

LUMO, which is a key step in electron transfer processes. Differences in FO
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energies are best quantified by the global hardness (7) or softness (o) of a
molecule (Eq. 11) [59], while molecules exhibiting a large energy difference
being considered as hard. Higher orbital energies of the HOMO indicate that
the molecule has a more pronounced tendency to donate an electron to an
appropriate acceptor, whereas a lower LUMO energy denotes a higher
probability for the substrate to accept a negative charge [60]. Thus, a small
E, indicates that a molecule is more likely to undergo electronic transitions
and take part in chemical reactions involving electron transfer. Conversely, a
larger value of E, is mostly characteristic for lower reactivity and thus more
pronounced kinetic stability of the given molecule [61]. As can be seen in
Fig.7, HOMO energies vary within an extremely narrow window ranging
from -5.50 eV for compound 3 to -6.33 eV corresponding to substrate 4. DFT
analysis reveals that E, of the investigated dyes converges following the
sequence 3 <2 <5 <1 <4, indicating that dye 4 would be the most kinetically
stable compound [60], exhibiting an E, value of 3.43 eV whereas substrate 3,
with the narrowest £, of 2.35 eV would show higher reactivity [62]. The two,
electron releasing methoxy substituents, grafted on the outer benzene ring of
substrate 3 (Scheme 1) account for an extended conjugation and thus a
smaller energy difference [63]. The data obtained experimentally from CV

measurements (Table 3) follows the same trend.
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Fig.7 Computed frontier orbital energies and E, values for substrates 1-5

Considering all the above data and analyzing the position of the
delocalized HOMO orbitals, we can conclude that the investigated substrates
undergo an irreversible anodic oxidation, the process being under diffusion
control up to sweep rates of 0.1 V's'. At higher scan rates, surface
phenomena start playing a role, since greater overpotentials are needed for
substrate oxidation. Finally, the delocalization of the HOMO orbital over the
amidic nitrogen atom leads to the assumption that the mechanism could
consist of a first slow one-electron charge transfer step with the formation of
a radical cation intermediate. The latter could then undergo a subsequent
homogenous reaction, most probably deprotonation, thus forming a neutral

radical that could go through a second charge transfer forming the final
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product, hence following an ECE mechanism, as described by the literature

for aromatic amides (Scheme 1) [64, 65].

Scheme 3
R, R, R,
R, R, R, R, R, R,
-e’ +
NeH < = N H H N
(@) (@) (0]
N N N
(0] N —Ar O N —Ar O N-Ar
CH, CH, CH,

Global reactivity descriptors.

Several computational parameters have been proposed to assess the charge
releasing or accepting capacity of a given substrate [66, 67]. One descriptor
that correlates the most with the molecular susceptibility to undergoing such
types of redox processes is the so-called electrophilicity index w [68, 69].
The latter parameter which, alongside absolute electronegativity (y),
chemical potential (u), # or o, is one of the global reactivity descriptors used
in conceptual density functional theory, was firstly defined by Parr et al [66].
It is mainly referred to as a quantification of the energy decrease of a
chemical structure due to an optimal electron flux amidst donor and acceptor
sites, i.e., the capacity of that structure to act as an electrophile. The

operational definition of w is:

® = u*/2n (7)
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Pearson referred to y and # of a given molecule and outlined their
operational descriptions as being dependent on ionization potential (/P) and
electron affinity (EA) as follows [70]:

x=UP+EA)2=-n (8)
n=P-EA)2 9)

Considering Koopmans’ theorem as well as subsequent theoretical
approaches [71], we can proceed by considering the following relationships
to be valid: Enomo = -IP and E umo = -EA, thus, obtaining the following

expressions as functions of molecular FO energies:

4 = (Enomo + Erumo)/2 (10)
n-= (ELUMO - EHOMO)/Z (1 1)
o= (12)n (12)

By rearranging the terms, the following expression for the
electrophilicity index is obtained:
@ = (Enomo + Erumo)’ / 4(ELumo - Enomo) (13)
The ability of a given substrate of being an electron donor can be
quantified by the electrodonating power ("), defined as [67]:
w = (3IP + EA)* / 16(IP - EA) (14)
Note that a smaller value of w" reflects a better electron releasing

capacity of the studied substrate [72]. We can thus calculate the above-
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1 mentioned descriptors using the previously DFT computed FO energies; the

2 data for all studied substrates are listed in Table 4.

4 Table 4. Calculated global reactivity descriptors for the investigated azo

5 dyes.

Global descriptors Dye

/ eV 1 2 3 4 5
IP 6.080 5.920 5.500 6.330 6.270
EA 3.010 3.040 3.150 2.900 3.300
u -4.545 -4.480 -4.325 -4.615 -4.785
X 4.545 4.480 4.325 4.615 4.785
n 1.535 1.440 1.175 1.715 1.485
o 0.326 0.347 0.426 0.292 0.337
) 6.729 6.969 7.960 6.209 7.709
@ 9,193 9,389 10.269  8.731 10.287
6
7 As can be concluded from Table 4, dyes 2 and 3 (Scheme 1) show the

8 smallest /P, meaning that these substrates have the most pronounced
9 tendency to donate electrons, being the most easily oxidizable. Considering

10 the /P of Pt having a value of 8.959 eV, one can assume that negative charges
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from the dyes are more easily transferred towards Pt as the value for /P
diminishes [73].

A greater value of the electrophilicity index implies a higher stabilization of
the molecule due to electronic charge transfer towards it [68, 74], i.e., it is
more likely that the molecule is acting more like an electrophile. As data in
Table 4 suggests, compounds 3 and 5 (Scheme 1) having the highest
electrophilicity index, are stabilized by electron acceptance while substrate
4, with the smallest electrophilicity index within the series, exhibits the
lowest tendency to accept negative charges. The global hardness, n follows
the same trend, dye 3 being the least hard molecule of the series.

As expected, the lowest value of the electrodonating power has been
computed for substrate 4, containing a Cl atom grafted on the benzene ring,
followed, in order, by the parent compound 1, followed in order by dyes 2, 3
and finally 5 with the benzene ring substituted with a methyl group. This
behavior closely follows the trend outlined by the variation of the HOMO
energies substantiates the role of the substituents grafted on the outer
benzene ring, sustaining our assumption, that anodic oxidation affects the

amidic nitrogen.
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4. Conclusions

The electrochemical behavior of five newly synthesized azostilbene dyes,
each having different substituents grafted on the outer benzene rings, has
been investigated. The electrochemical measurements conducted in
anhydrous DMSO at Pt electrodes indicate that all investigated compounds
undergo an irreversible one electron anodic oxidation. It was found that up to
sweep rates of 0.1 Vs, the process is under diffusion control, while at
higher scan rates, higher overpotentials are needed for substrate oxidation,
most probably due to surface phenomena. The resulting values for anodic
transfer coefficients confirm that one electron per substrate molecule is
exchanged in the first oxidation step of all studied dyes. The gathered data
suggest that the investigated dyes follow an ECE mechanism involving a
slow, first one-electron charge transfer step with the formation of a radical
cation intermediate, most probably at the amidic nitrogen atom, followed by
the deprotonation of the latter and subsequently by a second charge transfer
step. DFT computations show that substrates 3 and S are the most stabilized
by electron acceptance, while the highest ability to donate negative charges is
predicted for compounds 4, 1 and 2 respectively. Further investigations and
more detailed quantum chemical calculations are needed to fully elucidate

the anodic oxidation of the latter substrates, with the aim of developing new
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and environmentally sustainable electrochemical methods for the abatement

of dyes from used, or industrial wastewater.

Experimental

Chemicals

The chromogens, derivatives of 4,4’-diaminostilbene-2,2’-disulphonic acid
1 - 5 investigated herein were obtained according to the procedure outlined in
the literature [15] and their purity was confirmed by comparing their IR
spectra with data detailed earlier [15]. IR determinations have been
performed on a Bruker Tensor 37 spectrometer and the results are in close
correspondence with those mentioned in literature [15].

Electrochemical investigations

The electrochemical behavior of the stilbene dyes 1 - 5 has been investigated
by recording cyclic voltammograms in nonaqueous media over the potential
range of interest. Voltammetry measurements were performed in anhydrous,
deoxygenated dimethylsulfoxide (DMSO) (Sigma Aldrich) containing 10™
mol-dm™ tetra - n- butylammonium tetrafluoroborate (Merck) using an
Autolab potentiostat / galvanostat model PGSTAT128N. Data was collected
and processed with the Metrohm Nova electrochemistry software. A three-

electrode setup was employed consisting of a Pt - disk working electrode (d =
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3mm), a Pt-wire counter electrode and an Ag/AgCl reference, using a
custom-made single compartment cell holding a volume of 7 cm® of analyte.
All electrochemical data was gathered at room temperature. The
substrate concentration was 2-10° mol-dm™. Atmospheric oxygen was
removed from solutions by purging N, (dried over molecular sieves) before
performing the measurements. Solutions were kept under a N, layer
throughout the experiments to avoid oxygen contamination. Potential values
have been referred to the Ferrocene/Ferrocinium (Fc/Fc”) redox couple used
as internal reference as per the [UPAC recommendations [75], unless stated
otherwise.
Computational studies
Molecular geometries of the studied substrates have been optimized in the
gas phase through quantum chemical calculations using the Spartan'20
software package [76], by performing an initial conformational search using
the semi empirical PM6 Hamiltonian computation [77] followed by further
pre-optimization using the Hartee-Fock method and the 3-21G basis set in
vacuum. Finally, equilibrium geometries of the pre-optimized lowest energy
conformers, frontier orbital energies, as well as values and orientation of
dipole moments have been computed using the dispersion corrected Becke,
3-parameter, Lee—Yang—Parr (B3LYP-D3) [78-81] density functional

method with the 6-31G* basis set in vacuum.
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Figure Captions

Fig. 1 Cyclic voltammograms of compounds 1 - 5. Conditions: substrate
concentration, ¢=2-107 mol-dm™; scan rate 50-10° V-s™'. Dotted line: Cyclic
voltammogram of 1 - § cathodic scan, recorded in the same conditions. Inset:

variation of oxidation peak potential with logarithm of scan rate.

Fig. 2 Cyclic voltammogram of 1 over the entire potential window, 4 cycles.
Conditions: substrate concentration, ¢=2-10° mol-dm?; v = 50-107 V-s™.

Inset: variation of oxidation peak height on square root of the scan rate.

Fig. 3 Cyclic voltammogram of 1, anodic region. Conditions: substrate
concentration, ¢c=2-107 mol-dm™; scan rates 10 - 400-10° Vs Inset A: Plot
of'log/ vs. logy for the oxidation peak of substrate 1. Inset B: Variation of the

current function (/x-v'"?) with v for the oxidation peak of substrate 1

Fig. 4. Cyclic voltammogram of 2 anodic region. Conditions: substrate

concentration, c=2-10~ mol-dm™; scan rates 0.01 - 0.4- V-s™ Inset: Variation

of the current function (/x-v'"*) with v for the oxidation peak of substrate 2
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Fig. 5 Variation of Es-Ex» on the scan rate range 0.01-0.4 V-s' for
compounds 1 - 5. Inset: 7afel plot drawn from the rising part of the current-

potential curve of compound 1 recorded at v=10.01 V s

Fig.6 HOMO profiles and dipole moment orientations calculated for the

optimized geometries at the ground state for dyes 1 - 5

Fig.7 Computed frontier orbital energies and E, values for substrates 1-5

Table 1 Voltammetric data collected for dyes 1 - 5

Dye Es/ Vb) Ec/V Ex/V Es/V (EA-EA/z)' 10°%/V (OEA/OIOgV) /'V

0.696 -0.988  -1.579 -1.742 0.179 0.076
0.491 -1.678  -1.791  -- 0.099 0.061
0.749 -0.989  -1.788  -2.136 0.205 0.199
0,677 -0.956  -1.499  -1.727 0.157 0.097
0.725 -0.960 -1.466 -1.778 0.156 0.139

11

12

13

14

15

» Conditions: substrate concentration ¢=2-10~ mol-dm>; v=50-107 Vs

® Potentials referred to the Fc/Fc* redox couple

Table 2. Anodic transfer coefficient, assumed number of electrons, mean

value of AE,
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Dye? Ord? A’ Aapp”” n’ (assumed) (Ea-Enn)ag V
1 0.308 0.388 0.283 1 0.199
2 0.276 0.401 0.478 1 0.101
3 0.265 0.188 0.249 1 0.205
4 0.349 0.304 0.332 1 0.167
5 0.366 0.293 0.326 1 0.168

“Conditions: substrate concentration ¢=2-10" mol-dm?, ref. Ag/AgCl
® Data obtained from the Tafel plot at v=0.01 Vs’
© Data obtained from the slope of Ex vs. logv; upto v=0.1 V's™

9 Data obtained using Eq. (4)

Table 3 Frontier orbital energies derived from voltammetric data, calculated

dipole moments for dyes 1-5

Dye  Eosa ™ Eonset X0 Enomorumo®  Dipole E,°©

/VEeket /VFerper eV moment® /eV

/D

1 0.447 -1.671 -5.55/-3.43 6.25 2.12
2 0.402 -1.777 -5.50/-3.32 7.93 2.18
3 0.418 -1.938 -5.52/-3.16 3.17 2.36
4 0.554 -1.639 -5.65/-3.46 6.11 2.19
5 0.543 -1.639 -5.64/-3.46 8.79 2.18
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“ Estimated using Eq. (5) and (6) respectively

® Calculated using DFT simulations

© Calculated as E, = |Enovo-Erumol| as estimated from CV [56]

Table 4. Calculated global reactivity descriptors for the investigated azo

dyes.

Global descriptors Dye

/ eV 1

IP 6.080
EA 3.010
u -4.545
X 4.545
n 1.535
o 0.326
) 6.729
@ 9,193

5.920
3.040
-4.480
4.480
1.440
0.347
6.969

9,389

5.500

3.150

4.325

4.325

1.175

0.426

7.960

10.269

6.330

2.900

-4.615

4.615

1.715

0.292

6.209

8.731

6.270

3.300

-4.785

4.785

1.485

0.337

7.709

10.287
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Figure 4

Figure 5
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Figure 7

Scheme 1
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Scheme 3

Scheme 2
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