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Abstract

This paper reports electrochemical (tast polarography, differential pulse polarography, cyclic voltammetry) and spectroscopic
investigations covering a series of stilbene derivatives having either one or two electron-donating groups (alkoxy, hydroxy,
phenolate at pH > 9) located at one end of the molecules. The groups interact, through a conjugated system of n electrons, with
an electron-withdrawing group (nitro group) at the opposite end of the molecule. The push—pull effect on the molecule is obtained
by the presence of the extended unsaturated m electron system combined with a polar substituent with opposite electrical effects
suitably attached to the conjugated systems. This arrangement gives relevant electro-optics characteristics to the molecules. The
polar substituents are electroactive and, by comparison of the potential peaks of the compounds, it is possible to estimate the
intramolecular electronic interactions within the molecule. Specifically, in this case, change in the potential peak of the nitro group
allows conclusions about the push—pull effect in the system to be reached.
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To investigate the polar order, the hyperpolarizabil-
ity needs to be calculated by different methods like
solvatochromy [5] or the displacement of the absorp-
tion band in solvents of different dielectric constant. A
direct method is the second harmonic generation (SHG)
experiment [6] that gives directly the component of the
piezoelectric tensor responsible for the hyperpolariz-
ability. On the other hand, electrochemical methods
permit information to be obtained about the energy
required in a redox process of organic molecules that
have electroactive groups. Therefore we are interested
in using an electrochemical route to investigate the
polar order in organic compounds possessing electroac-
tive centers.

The synthesis of liquid crystalline molecules with
large hyperpolarizability [7] and monomers [8] was
carried out with organic compounds having extended
unsaturated © electron systems. The strategy was to
include groups with opposite electron affinities, like
nitro and alkoxy groups attached to a conjugated aro-
matic core. Such a so-called push—pull system results in
E-mail address: asquella@]l.ciq.uchile.cl (J.A. Squella). molecules with large ground-state dipole moments.

1. Introduction

The increase of the passage of information nowadays
requires new mechanisms for signal translation. The
way to accomplish this is by using light instead of
electrons for information processing. Therefore it is
necessary to design new materials with non-linear optic
(NLO) properties, especially second order non-linearity
[1], useful e.g. in frequency conversion. For this task, a
macroscopic polar order is required that, usually, is
rather poor in organic materials. Different strategies
have been tested looking for a preferential orientation
of polar molecules. Guest—host systems where dyes are
dissolved in a polar matrix, co- and homopolymers
possessing liquid crystalline properties with pendant
chromophores and so on are some examples already
investigated [2—4].
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The subject of this work is to use the electroactive
nitro group as a probe to investigate the polar order
in a series of organic dyes containing an azomethine
group and a nitrostilbene or a nitroazobenzene moi-
ety. In a previous work we have used the nitro group
as a probe to investigate steric and electronic effects
in a series of P-nitrostyrene derivatives [9]. Despite
the fact that several papers on the electrochemical
study of aromatic, heterocyclic and aliphatic nitro
compounds have been published [10-15], the electro-
chemistry of organic dyes containing nitrostilbene is
an unexplored field of research. Furthermore this type
of compound attracted our attention because it repre-
sents a very special type of molecule where long-dis-
tance transmission of electronic effects through the
molecule can be observed. Consequently the electro-
chemical approach can be a useful tool in order to
investigate the behavior of push—pull systems in
highly conjugated molecules.

In a further stage of this research, the information
related to the conjugation of the system can be com-
pared with its NLO-properties looking for a new
method to estimate the dipolar arrangement in conju-
gated organic systems.

2. Experimental

2.1. Reagents and solutions

All the compounds were synthesized and character-
ized following a procedure reported previously [8]. All
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Fig. 1. Molecular structure of nitrostilbene derivatives.

other reagents employed were of analytical grade.

Stock solutions of each compound were prepared
at a constant concentration of 0.025 M in DMF. The
polarographic working solutions were prepared by di-
luting the stock solution to obtain a final concentra-
tion of 0.1 mM. Solutions for cyclic voltammetry
were prepared by weighing an adequate quantity of
each compound in order to obtain a final concentra-
tion of 1 mM.

Due to the poor solubility of the molecules in
aqueous solutions, experiments were made in mixed
(DMF + buffer citrate: 60/40) and aprotic (100%
DMF) media.

pH measurements were corrected according to the
following equation [16]: pH* — B =log Uy; where pH*
equals —logay in the mixed solvent, B is the pH
meter reading and the term log Uf; is the correction
factor for the glass electrode, which was calculated
from the different mixtures of DMF and aqueous sol-
vent, according to a procedure reported previously
[17].

2.2. Apparatus

Electrochemical experiments, differential pulse po-
larography (DPP), tast polarography and cyclic
voltammetry (CV) were performed with a totally au-
tomated BAS CV-50W voltammetric analyzer. A 10
ml thermostated measuring cell, with three electrodes,
dropping mercury electrode (DPP and tast polarogra-
phy) and hanging mercury electrode (CV) as a work-
ing electrode, a platinum wire counter electrode, and
a saturated calomel reference electrode, were used for
the measurements.

Spectrophotometric measurements were carried out
with an UV-Vis spectrophotometer ATI Unicam
model UV3, using a 1 cm quartz cell and equipped
with a 486 computer with vision acquisition and
treatment program.

3. Results and discussion

All compounds were electrochemically reduced at
DME in mixed media (DMF + citrate buffer: 60/40).
According to the molecular structures (Fig. 1), the
electroreducible groups in molecules A—-D are the ni-
tro and azomethine moieties, and in molecule E also
the azo group. Fig. 2 shows the differential pulse
(DPP) and tast polarograms (TP) for compounds A—
D. The signals correspond to the electroreduction of
the nitro group (peak I and wave I) and azomethine
group (peak II and wave II). The peak II is poorly
resolved by the DPP technique and is totally un-re-
solved by TP. The polarograms of compound E are
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Fig. 2. Differential pulse (solid line) and tast (dashed line) polarograms of several nitrostilbene derivatives at pH 7 in mixed media, DMF + citrate
buffer: 60/40. Molecules A to D containing two electroreducible groups (nitro and azomethine groups) and molecule E containing three

electroreducible groups (nitro, azomethine and azo groups).

rather different showing a new peak III or wave III,
assigned to the reduction of the azo group.

The reduction of these groups is strongly pH-depen-
dent. Both the limiting current and potential peak
change with pH. In Figs. 3(A) and 4(A), the peak
potential versus pH plots for compounds A and E are
shown. For compound A, the reduction of both the
nitro and azomethine group varies towards more nega-
tive values as the pH increases until approximately pH
8-9. At pH <4 a polarographic maximum in the wave
I appears. This effect probably produces a distortion of
the limiting current. In alkaline media, pH > 9, peak 1
is totally pH-independent and a new peak appears
(peak T'). It is located at more negative potential due to
a splitting of the nitro reduction signal (peak I). On the
other hand, at pH 4 a change in the slope of the linear
relationship for the nitro reduction and a break be-

tween pH 5-6 in the azomethine reduction is observed.
Probably this break indicates changes in the mechanism
for the azomethine group reduction process, due to
protonation—deprotonation  equilibrium  in  the
molecule. Compounds B, C and D follow a similar pH
dependence on E, as discussed above for compound A
(Fig. 3).

In Fig. 3(B) the evolution of the limiting current with
pH for compound A is observed. The limiting current
due to nitro reduction was pH-independent until pH 7,
showing diffusion-controlled behavior. Above pH 8§, the
limiting current decreased when pH increased. Con-
comitant with this decrease, a new wave is observed.
The limiting current of this new wave increased when
pH increased. The sum of the limiting current for both
waves (peak I and I') is comparable to the initial
limiting current, showing that this effect is due to a
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splitting of the initial wave. This behavior is in accor-
dance with the following well-known mechanism for
the reduction of nitroaromatic compounds [10,11]:

At pH <38
ArNO, +4e¢~ +4H* - ArNHOH + H,0O (1)
At pH > 8
ArNO, + ¢~ <ArNO," ~ 2)
ArNO,"~ +3e~ +4H" - ArNHOH + H,O (3)

In the case of compounds B, C and D, the limiting
current behaves similarly to that for compound A.
Table 1 summarizes the potential peaks of the nitro
group for all compounds at different pH values. Com-
pound A is more difficult to reduce than compounds B
and C by about 75 mV at pH 3 and 18 mV at pH 6.
This can be explained due to the presence of two
electron-donating substituents in A. The effect of a
second alkoxy group becomes less important as the pH
increases and is not shown at pH 9 and higher. This
probably reflects the fact that the protonated nitro
group is more electron withdrawing than the non-pro-
tonated. Also, the hydroxy group in D seems to have
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Fig. 3. Potential peak and limiting current dependence on pH for a
0.1 mM solution of compound A in DMF + citrate buffer: 60/40.
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Fig. 4. Potential peak and limiting current dependence on pH for a
0.1 mM solution of compound E in DMF + citrate buffer: 60/40.

Table 1

Peak potentials of the nitro group in several nitrostilbenes (com-
pounds A-D) at different pH values and the apparent pK values
determined spectrophotometrically *

E,/mV pK,

pH 3 pH 6 pH 9 pH 12 UV-Vis
A —260 —440 —704 —740 3.59
B —186 —422 b b 3.66
C —180 —416 —704 —740 3.64
D —182 —422 —702 —758 3.59-9.68
E —438 —654 —910 —922

4 Compound E’ corresponds to the hydrazo derivative of com-
pound E.
® Compound B precipitates out.

no effect at pH 3 and 9. A hydroxy group is only
slightly less electron-donating than a methoxy group
since its donating effect is probably cancelled by in-
tramolecular hydrogen bonding to the nitrogen of the
imino group. At pH 12, the hydroxy group exists as
phenolate, which is a very strong electron-donating
substituent, thus resulting in a more difficult reduction
process for D, shifted by 18 mV when compared with A
and C.
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Fig. 5. Differential pulse and tast polarograms showing the protona-
tion—deprotonation equilibrium of the nitro group in compound E at
acidic pH values.

On the other hand, for compound E the behavior is
rather different. In this case we have an electroactive
azo group in the molecule instead of a carbon—carbon
double bond. Consequently, between pH 2 and 8, it is
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possible to observe three main signals that belong to
the nitro(I), azomethine(II) and azo group (III), respec-
tively. In this pH zone, all peaks or waves are pH-de-
pendent (Fig. 4(A)). At pH above §, in a similar way as
observed in compounds A-D, there is a splitting of the
peak due to the nitro group. In this pH region the
potential peaks I, I' and II are pH independent. The
potential of peak III decreases at pH higher than 8. Fig.
4(A) shows the variation of the peak potential with pH
for compound E. This plot has some important differ-
ences with respect to the plot of Fig. 3(A) for com-
pounds lacking the azo group. First, the peak potential
reported for compound E corresponds to the reduction
process of the hydrazo derivative (ArNH-NH-
C¢H,NO,, see Table 1 compound E’) that clearly occurs
at more negative potential values. This fact means that
the reduction of the nitro group is more difficult due to
a higher electron density enhanced by the hydrazo
group (a fairly good electron donor) when compared
with the other compounds without the nitro-
gen—nitrogen double bond. Second, for compound E a
break between pH 5-6 in the azomethine group reduc-
tion for the E, versus pH dependence (see Fig. 4(A)) is
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Fig. 6. UV-Vis spectra of several nitrostilbene derivatives at differents pH values between 2 and 12.
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Fig. 7. Cyclic voltammograms of 1 mM of compound A in mixed
media, DMF + citrate buffer: 60/40 at different pH values. Sweep
rate 1 V s~ 1. Note that cathodic currents are taken as positive.

not observed. Therefore, in compound E it is not
possible to postulate protonation—deprotonation equi-
librium for the azomethine group. Third the presence
of two signals between pH 4 and 7 in the curve cor-
responding to the E, evolution for the nitro reduction
with pH (Figs. 4(A) and 5) was observed. These two
signals correspond to a change in the electroactive
species. This is clearly seen in Fig. 5 where one peak
decreases in intensity at E= —400 mV while the
other appears at E= — 750mV as the pH increases.
Then, at more acidic pH values (between 2 and 4) the
electroreducible species is protonated and at higher

pH values, the electroreducible specie is non-proto-
nated. As expected, the protonated species is more
easily reducible than the non-protonated. This behav-
ior can be related to the protonation—deprotonation
equilibrium for the nitro group due to the higher
electron density discussed above.

In order to obtain additional evidence of the pH
dependence in the protonation—deprotonation process
of the molecule, we also evaluated the pH effect from
the UV-Vis spectra. In Fig. 6 the spectrum of each
compound at different pH values is observed. As ob-
served by polarography, the UV-Vis behavior for
compound E is rather different when compared with
compounds A—D. In these compounds an absorption
band at approximately 350 nm at acidic pH, that is
absent in compound E, was observed. This band is
strongly pH dependent, decreasing in intensity when
the pH increases, then disappearing totally at pH val-
ues above 5. Associated with this decrease, a new
absorption band appears in the visible zone at ap-
proximately 425 nm. We have used both the decrease
of the band at 325 nm and the increase of the band
at 425 nm to obtain the dissociation constants for the
compounds expressed as pK, (see Table 1). These
pK, values represent the protonation—deprotonation
of the azomethine moiety. This assumption is in ac-
cordance with the break in the E, versus pH curve
between pH 5-6 in the azomethine group reduction
already discussed. The curve for pH 12 in Fig. 6 for
compounds A—C was completely reproducible for pH
between 6 and 11. In compound D a second value of
pK, was determined associated with the hydroxy sub-
stituent in the third ring that also indicates a proto-
nation—deprotonation = process and  that the
dissociation state of the molecule affects the electrore-
duction mechanism, changing the slope and producing
breaks in the E, versus pH plot.

This result is evidence of a push—pull effect favored
in compound E due to the azo group. In fact the
presence of the azo group in this molecule produces a
pull effect on the azomethine group, diminishing the
electron density and making its protonation more
difficult. Consequently a pK, was not observed for
this molecule. Furthermore, the protonation of the
azomethine group at acidic pH values in compounds
A-D hinders the conjugation producing an absorp-
tion band at approximately 350 nm. When the
azomethine group is non-protonated the conjugation
is increased producing an absorption band at approx-
imately 425 nm. In compound E the azomethine
group is always non-protonated and consequently the
conjugation is always present as is shown by the
band at approximately 450 nm. In conclusion there is
spectroscopic evidence in accordance with an en-
hancement of the push—pull effect in molecule E due
to the presence of the azobenzene group.
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For a better understanding of the electrochemical
behavior of the compounds, we used the cyclic voltam-
metry technique. In mixed media, the cyclic voltammo-
graphic behavior on mercury electrode is equivalent to
that observed from polarography experiments: com-
pounds A-D show very similar cyclic voltammograms
and compound E shows a rather different response.
Fig. 7 shows the cyclic voltammograms of compound
A. The peaks correspond to the electroreduction of the
nitro group (peak I) to generate the hydroxylamine
derivative and the imino group (peak II) in the already
reduced molecule at different pH values. The reduction
of the nitro group has an irreversible peak at approxi-
mately —370 mV at pH 3 that corresponds to a
four-electron process described in Eq. (1) while at alka-
line pH values this peak is split into one redox couple
(Eq. (2)) and one irreversible cathodic peak (Eq. (3)).
Furthermore, the reduction of the imino group of the
hydroxylamine derivative appears at potentials near the
solvent discharge as a cathodic irreversible process. We
concentrated our attention on the response due to the
nitro group. In Fig. 7 at pH 9 and 12 we observe one

for the nitro radical anion formation (peak I, Eq. (2)).
There is also another irreversible peak due to a three-
electron reduction process that corresponds to the hy-
droxylamine derivative formation from the nitro radical
anion (peak I', Eq. (3)). This is in good agreement with
the well-known mechanism for the reduction of nitro
compounds at alkaline pH [10]. Fig. 8 shows the behav-
ior of the isolated redox couple (RNO,/RNO;) with
the sweep rate. Both the E, . and current ratio, I, ,/I,,
remain constant with the increase of sweep rate. This
indicates that the process is reversible and is not cou-
pled with a chemical reaction [18].

Fig. 9 shows the cyclic voltammogram for compound
E. In this case the first electron reduction transfer (peak
IIT) corresponds to the formation of the radical anion
E’~ from E. The most basic site of this radical anion is
one of the nitrogens of the azo group and its protona-
tion leads to the hydrazo derivative of E, through a
classical electronation—protonation mechanism (two
electrons, two protons):

Ar-N=N-Ar-NO, +2e~ +2H"*

redox reversible couple due to a one-electron transfer — Ar-NH-NH-Ar-NO, @)
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Fig. 8. Cyclic voltammograms of the nitro/nitro radical anion couple of compound A in mixed media at different sweep rates and pH values 9
and 12. 0.5 Vs= ' (—), 1 Vs=! (), 5V s~ ! (-). Inserts: the corresponding current ratio versus sweep rate.
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Fig. 9. Cyclic voltammograms of 1 mM of compound E in mixed
media, DMF + citrate buffer: 60/40 at different pH values. Sweep
rate 1 Vs~ L

This reduction process produces an irreversible
peak (peak III) appearing at pH 3 (—200 mV) and
pH 6 (—350 mV). At alkaline pH, this peak became
reversible.

In the same figure, peak I corresponds to the nitro
reduction of the hydrazo derivative to form the hy-
drazo—hydroxylamine derivative. This peak shows the
typical behavior of nitroaromatic compounds with
only one irreversible peak at acidic pH (Eq. (1)) and
two peaks at alkaline pH values (Egs. (2) and (3),
peaks I, I'). Peak I corresponds to the nitro/nitro
radical anion couple that is not well resolved since it
overlaps with the azo group peak and consequently,
precise current ratios were not obtained. The anodic

peak appearing at about —400 mV at pH values 9
and 12 could be ascribed to the oxidation of the
hydrazo—hydroxylamine derivative to form the hy-
drazo—nitroso derivative.

Ar-NH-NH-Ar NHOH - Ar NH-NH-Ar NO
+2H* +2e (5)

Finally, peak II corresponds to the reduction of the
imino group of the hydrazo—hydroxylamine deriva-
tive.

The formation of the nitro radical anion in aprotic
medium was also studied for all compounds (see Fig.
10). For compound E, it was not possible to obtain
quantitative information because the signals of the
couple interfered with the signal of the azo group.
Fig. 10 shows the behavior of the nitro/nitro radical
anion couples for compounds A-D. In all the cases
the current ratio, 1,,/I,., increases towards unity
when the sweep rate is increased. Furthermore, the
I, ./I,. value is concentration dependent which allows
us to conclude that the process follows an EC, mech-
anism wherein the first step is the one-electron reduc-
tion to produce the nitro radical anion and the
second step is a second order chemical reaction. We
have employed a previously described procedure
[19,20] in order to calculate the second order decay
constants.

Table 2 reports the peak potential of the nitro radi-
cal anion formation and the second order decay rate
constant (k,). From this table, all A-D compounds
produce the nitro radical anion with the same energy
requirements and also there are no significant differ-
ences in the decay of the radical anions under these
conditions.

In conclusion both electrochemical and spectro-
scopic evidence permit us to decide about the push-—
pull effect on the studied liquid crystal molecules.
First, spectroscopic evidence clearly shows an en-
hancement of the push—pull effect in molecule E due
to the presence of the azo bridge. Secondly, electro-
chemical evidence using the nitro group as a probe,
indicates clearly that electron-donating groups at the
end opposite to the nitro group produce an enhance-
ment of the push—pull effect in the molecules.
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Table 2
Cathodic peak potential and the second order decay constant of the
nitro radical anion from several nitrostilbene derivatives in aprotic
medium

Compound E /mV 103 ky/l mol ="' s~!
A —986 2.8

B —994 3.6

C —990 1.9

D —982 2.1

E —1050 @

# Couple poorly resolved.
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