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ARTICLE INFO ABSTRACT

Keywords: Aniline, pyrrole and thiophene substituted with methoxysilyl propyl side chains were investigated by means of
Silicon-organic hybrid precursors spectroscopic and electrochemical techniques. The effect of hydrolysis and ex-situ irradiation of solutions pre-
Electrochemistry pared in different solvent mixtures, containing either methanol or methylacetate in excess, was considered also.

Semiconducting behavior The development of stable intermediate species in solution is governed by intramolecular polarization of the

hydrolyzed monomer rather than by ex-situ photoxidation or electro-oxidation of the monomer head group. Co-
operative non-covalent OH-n interactions between the electron deficient silanol (SiOH) and the electron rich
aromatic © system leading to mixed- n-p type redox behavior of the hybrid films are confirmed for the case of
N-substituted pyrrolyl-silicon derivative. Less efficient interactions of the more basic N-AnSi derivative result
from the deprotonation and self-condensation of SiOH, being supported by the prevalent p-type charge transport
of the related hybrid film. For the case thiophenyl-silicon derivatives, charge trapping manifesting n-type redox
behavior dominates for the case of a-substituted thiophene rather than for the parent p-substituted derivative
but with jellification, indicating effective OH-r stabilization of c-coupled o,o’ dimer structures by a short-range
intramolecular mechanism. The establishment and modulation of constructive OH-r interactions determine the
macromolecular aggregation and redox behavior of the hybrid films. The diverse properties exhibited by the hy-
brid precursors support different protection mechanisms against corrosion.

ported by experimental studies using the neat non-hydrolyzed monomer

1. Introduction

The integration of silane chemistry in the development of composite
conducting polymer films is of significant general interest. Application
areas include electronic and optical materials [1], sensors and biosen-
sors [2], bioimplants [3,4], electroresponsive hydrogels [5], electronic
textiles [6], protective coatings [7], among other. Silanes functional-
ized with monomers of conducting polymers such as aniline, pyrrole and
thiophene as hybrid precursors at a molecular level have attracted less
attention.

From our studies with pyrrolyl- and anilynyl-silicon compounds
(Fig. 1a,b) for surface treatment of Al alloys [8-15], both silane chem-
istry and conducting polymers (electro)chemistry determine the mech-
anism and the extent of corrosion inhibition [8-12]. The formation of
OH-r stabilized o — o’ linked pyrrole (Py) oligomers in solution and
the charge pinning action of silanol (SiOH) leading to n-type semicon-
ductivity of the chemically-deposited hybrid film [15] have been sup-
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[14], as theoretically predicted [13]. The n-type charge transpor jus-
tifies the good barrier action against localized corrosion by favoring
O, reduction reaction at the film/solution interface while the penetra-
tion of aggressive Cl~ is hindered [8,9]. The p-type semiconductivity
[15] for the case of anilynyl-silicon precursor supports the more de-
fective hybrid network at a molecular level. Nonetheless, passivity re-
covery and inhibition of microgalvanic corrosion are effective due to
aniline acid-base redox processes and metallo-complexation [10-12].
Local acid-based reactions in a constrained reaction environment has
been indicated further by the formation of MgO mesocrystals with
(111) preferential orientation [16] rather than Mg(OH), as main cor-
rosion products of treated AM60B Mg alloy (Fig. 2a,b) (unpublished
results). This is strengthened by the fact that Mg?™ complexation by
aniline is negligible as compared to other metal ions like Cu?*, Cu*
and Fe®* [12]. Significant inhibition of mild steel corrosion by surface
treatment with thiophenyl-silicon precursors has been indicated also
(Fig. 2c,d) (unpublished results). In similarity with pyrrole derivative,
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Fig. 1. Schematic structures of hybrid monomers: (a) N-(3-trimethoxysilyl propyl) aniline (N-AnSi), (b) N-(3-trimethoxysilyl propyl) pyrrole (N-PySi), (c) a-(3-trimethoxysilyl propyl)

thiophene (a-TphSi), (d) p-(3-trimethoxysilyl propyl) thiophene (8-TphSi).
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Fig. 2. (a,b) Surface SEM image and the relative XRD spectrum of coated AM60B Mg alloy with N-AnSi hybrid film after 8days of exposure in 0.1 M NaCl at 30°C; (c,d) Surface SEM
images of bare and treated with a-(3-(trimethoxysilyl)propylthio) thiophene mild steel after 8 days of exposure in 0.1 M NaCl at 30°C.

the semiconducting behavior of the thiophene-based hybrid film could
determine the barrier action against metal degradation. The investi-
gation of the mechanism of macromolecular aggregation of these sili-
con-organic hybrid precursors in condensed and solid state phases, as
well as of the intrinsic redox behavior of the hybrid films, is indispens-
able for further understanding of the mechanism of protection against
corrosion [8-12] and for the design of advanced coatings with specific
functions.

In this work, the aggregation in condensed phase of anilynyl-,
pyrrolyl- and thiophenyl-silicon hybrid monomers (Fig. 1a-d), and the
electrochemical behavior of the electrogrown hybrid networks on in-
ert substrates, are investigated by means of spectroscopic and elec-
trochemical techniques. Factors such as the extent of hydrolysis in
methanol-based solutions and of ex-situ photo-oxidation are consid-
ered. Hy-

drolyzed precursors in solutions containing methylacetate in excess, this
solvent being low VOC, non-HAP and biodegradable, were studied in
parallel.

2. Experimental part
2.1. Test solutions

The hybrid monomers, namely N-[3-(trimethoxysilyl) propyl] ani-
line (N-AnSi, Fig. 1a), N-[3-(trimethoxysilyl) propyl] pyrrole (N-PySi,
Fig. 1b), a-(3-trimethoxysilylpropyl)thiophene (a-ThpSi, Fig. 1c) were
used as received (>98%, Fluorochem, Sigma Aldrich). The non-com-
mercially available (3-(3-trimethoxysilylpropyl)thiophene (B-ThpSi, Fig.
1d) was synthesized ad-hoc following a two-step synthetic route (Sup-
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plementary data) [17]. The compound was immediately used as such in
the experiments after checking its purity by 'H NMR to minimize de-
composition processes by hydrolysis. The test solutions were prepared at
4 vol% by adding 400 pL of a given hybrid monomer to 10mL of solvent
mixtures made of methanol and water (MeOH/H,0 95:5) or of methyl
acetate, ethanol and water (MeOAc/EtOH/H,0 50:25:25), using com-
mercially available reagent grade organic solvents and water of quality
MilliQ. The pH was adjusted to 4 by adding acetic acid. For sake of sim-
plicity, a given test solution is designated in the following as analyte(sol-
vent), where the analyte identifies the hybrid monomer and the solvent
that present in excess in the solvent mixture, i.e. MeOH or MeOAc.

A given analyte(solvent) solution was left under stagnant conditions
during different times (aging time, t,gy,,) such as to promote chemi-
cal reactions that involve methoxy groups hydrolysis, hydrogen bonding
and self-condensation of silanol groups, as well as the possible forma-
tion of conjugated species due to intramolecular polarization of the hy-
drolyzed analyte [9-12]. Another set of either as-prepared (t,gi,, = 0h)
or aged analyte(solvent) solutions was consecutively exposed to con-
trolled polychromatic irradiation (white light) during increasing time
periods of 5h each (t;,,q) using a Newport lamp 450 W with maximum
excitation range between 400 and 700nm. An aliquot of 200 pL of aged
and/or consecutively irradiated analyte(solvent) solution was placed in
a glass cuvette containing 3.5mL of a given solvent mixture. The vis-
ible spectra (320 and 900nm) with a spectral resolution of 2nm were
recorded using a spectrophotometer Hach DR 3900. Base line correc-
tions were made with a reagent blank of analyte-free solvent mixture.

2.2. Cyclic voltammetry

A single compartment three-electrode glass cell with a capacity of
5mL was used. The supporting electrolyte was 0.1 M tetrabutilammo-
nium perchlorate in acetonitrile (TBAP/MeCN). Unless otherwise indi-
cated, the working electrode was glassy carbon (GC) with geometrical
surface area of 0.7 cm? (@ = 3mm, AMEL). Before use, the surface was
polished with diamond paste (0.25pm) on a cloth impregnated with
acetone. Pt wire and Ag/AgCl/KCl,,, (+0.200V vs SHE) were used as
counter and reference electrodes, respectively. The latter was connected
to the test solution via a salt bridge containing 0.1 M TBAP/MeCN. The
electrochemical system was connected to a computer-driven Solartron
1286 potentiostat.

Cyclic voltammetry experiments were performed at room temper-
ature under stagnant conditions. A volume of 200uL of a given ana-
lyte(solvent) solution, either as-prepared (hybrid monomer concentra-
tion of about 10~2M), hydrolyzed (t,g,,) or irradiated (t;;,,q), was added
to 3.5mL of 0.1 M TBAP/MeCN. Unless otherwise indicated, electropoly-
merization was carried out by recurrent potential cycling between 0
and + 1.2V (at least 3 cycles) at a scan rate of 100mV/s. Similarly, the
redox behavior of the as-deposited films was investigated by consecu-
tive potential cycling between + 1.2 and — 1.2V in monomer-free 0.1 M
TBAP/MeCN.

In order to check for a possible effect of the solvent mixtures on
the electrode potential, the cyclic voltammograms of 1 mg of ferrocene
in monomer-free 0.1 M TBAP/MeCN containing 200 pL of a given sol-
vent mixture were recorded. The redox potential of the ferrocene/fer-
rocinium (Fe* |Fe) couple, which electronic energy transfer is supposed
to be independent of the working solvent [18], was of +0.41+0.02V
with respect to Ag/AgCl/KCl,,, for all testing conditions. Accordingly,
the electrode potentials as being determined by MeCN in excess were
not corrected and are referred in the text to the Ag/AgCl/KCl,,  refer-
ence electrode.

Progress in Organic Coatings xxx (2018) xxx-xxx

2.3. Spectro-electrochemical experiments

These experiments were carried out to investigate the soluble
oligomers produced during electro-oxidation of a-ThpSi(MeOH) (Fig.
1c). A three-electrode UV-vis-NIR spectroelectrochemical thin-layer
quartz glass cell (1.0mm optical path) for conducting static experi-
ments (SEC-C, ALS Co. Ltd, Japan) was employed. A given amount of
a-ThpSi(MeOH), either as prepared or aged up to 14days was added
to 0.1 M TBAP/MeCN supporting electrolyte. The three-electrode system
consisted in a Pt mesh as working electrode, a Pt wire as counter elec-
trode and Ag/AgCl/KCl,, as reference electrode. This was connected
through a salt bridge containing the supporting electrolyte solution.

The cell was placed in the sample holder of a UV-3600 Plus
UV-vis-NIR spectrophotometer (Schimadzu) with three detectors (a
photomultiplier tube for the ultraviolet and visible regions and InGaAs
and cooled PbS detectors for the near-infrared region), operating in the
wavelength range of 185-3300nm and with 0.1nm of resolution. The
electrodes were connected to an external Gamry Ref600 potentiostat.
UV-vis-NIR spectra were collected consecutively during anodic polar-
ization from +0.0V to +2.0V at a scan rate of 2mV/s and thereafter
corrected by subtraction of similarly recorded spectra using the ana-
lyte-free 0.1 M TBAP/MeCN (background electrolyte).

3. Results and discussions
3.1. Electronic properties of the hybrid monomers and oligomers in solution

N-PySi solutions progressively developed an orange brown col-
oration with ex-situ irradiation (tj;;aq) and with aging (t,ging), regardless
the nature of the main solvent (MeOH or MeOAc). No sediments or pre-
cipitates were formed in any case. The coloration was always less in-
tense for the case of the solvent mixture containing MeOAc in excess
due to limited hydrolysis in this polar but aprotic solvent, and thus less
favored formation of OH-r agglomerates. Typical spectra are shown in
Fig. 3a,b for as-prepared and 7-days aged solutions after prolonged ir-
radiation. Although the intensity of the absorption features was always
smaller for the case of N-PySi(MeOAc), the position of the peaks along
the wavelength (1) axe did not change with either t,q O t,g,. For a
given initial test condition, the peaks at 450 and 490 nm were more in-
tense for the case of aged N-PySi(MeOH) (Fig. 3a), whereas the shoul-
der at 430nm was always pronounced for N-PySi(MeOAc) (Fig. 3b). No
bands were detected at A > 600nm, thus indicating hindered coupling
for chain growth with the prevalent formation of small « — o’ linked Py
oligomers [19]. Note that no oxidant was purposely added to the so-
lutions, while hydrolysis of methoxy groups —OCH;, hydrogen bond-
ing between silanol groups SiOH and their self-condensation to form
linear siloxane linkages (Si-O-Si) [9,13] may proceed during the time
of exposure to white light also. Based on previous UV-vis results with
Py(MeOH) and N-PySi(MeOH) as a function of aging (up to one month)
during exposure to natural light [9], the peak at 490nm appears to
be characteristic of hydrolyzed o — o’ Py-linked oligomeric structures.
From the plots of the peaks intensity as a function of t; 4 (Fig. 3c,d),
the absorbance of the peaks at 450 and 490nm increases linearly with
photo-oxidation regardless the nature of the solvent in excess and t,g,,
whereas that of the peak at 585nm changes little. This supports the
prevalent accumulation of short oligomeric structures with photo-oxi-
dation, being more significant for the case of polar and protic MeOH
in excess and the corresponding aged solution (t,gng = 7 days, Fig. 3c)
despite the fact that the mobility of charge carriers should decrease
with hydrolysis and possible self-condensation of SiOH. Nonetheless, the
similar trends of the absorption peaks indicates that the oligomeriza-
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Fig. 3. (a,b) Visible spectra of as-prepared and 7-days aged N-PySi(MeOH) and N-PySi(MeOAc) solutions after consecutive ex-situ irradiation; (c,d) plots of the intensity of the main

absorption peaks as a function of the irradiation time.

tion mechanism via a — o’ coupling of Py rings prevails. That is, struc-
turally similar oligomeric structures develop in both solvent mixtures
but the extent of hydrolysis determine the amount of hydrolyzed
oligomeric domains in condensed phase. The 450- and 490-nm peaks
are thus ascribed to aromatic and quinoid @ — &’ Py segments, being
more favored in the case of N-PySi(MeOH) due to intramolecular po-
larization effects [13]. The feature at 430nm corresponds to non-hy-
drolyzed or partially hydrolyzed aromatic Py structures. The results
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support the instauration of non-covalent OH-x stabilizing interactions
between the electron deficient silanol (SiOH) and the electron-rich =« sys-
tem of Py ring [13], limiting the self-condensation of SiOH [8,9] and
favoring the charge trapping [14].

The solutions of N-AnSi(MeOH) acquired a pink coloration which
turned cherry red with t,g,. The color change correlated with the de-
tection of a shoulder at 570nm in addition to the 490-nm peak (pink
solution) (Fig. 4a), reproducing previous results [9,10,12]. The peak at
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Fig. 4. (a,b) Visible spectra of as-prepared and 7-days aged N-AnSi(MeOH) and N-AnSi(MeOAc) solutions after consecutive ex-situ irradiation; (c,d) plots of the intensity of the main

absorption peaks as a function of the irradiation time.
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490nm is ascribed to nitrenium radical cations NH"* stabilized as zwit-
terions [C6H5NH'*(CHZ)SSi(O’)(OH)Z] (mononegative silanol group).
The fast hydrolysis of methoxy groups (75% of completion after about
3h [11]) facilitates self-condensation of SiOH leading to linear and tridi-
mensional Si-O-Si linkages [9]. Thus, radicals coupling to form semi-
quinoid (SQ) aniline structures (570-nm peak) is promoted with aging.
This is supported by the spectra obtained for N-AnSi(MeOAc) (Fig. 4b),
showing a more intense shoulder at 370nm in addition to a shoulder
at 460nm. Alternated benzenoid/quinoid (B-Q) oligomeric structures of
aniline coexist with stable nitrenium radical cations (490nm). These ab-
sorption features decrease similarly while no new peaks emerge with
aging. Accordingly, structurally different oligomeric domains involving
the aniline head group develops in the presence of polar but aprotic
MeOAc. Differently from pyrrole, the lone pair of electrons on N atom
of aniline are delocalized but not involved in the aromatization. Thus,
N-AnSi is more basic and thus more prone for bonding a proton, but
hydrogen bonded O---H—N complexes through the deprotonation of
SiOH are destabilized with aging due to the latter species self-condensa-
tion and formation of three-dimensional siloxane linkages [9-12]. This
is supported by the similar trends of the variation of the intensity of
the most relevant and common to both solvent mixtures absorption fea-
tures with t;,.q for a given initial aging condition (Fig. 4c,d). That is,
for t,gin, = 0h (Fig. 4c), the intensity of the peak at 490nm increases
markedly only after 5h of ex-situ irradiation, regardless the nature of
the solvent in excess. Photoxidation of hydrolyzed monomer and small
oligomers is facilitated as charge screening by SiOH decreases with ag-
ing (Fig. 4d). Note that, for the case of MeOH in excess, the peak at
570nm increases as that at 490nm, in support to the prevalent forma-
tion of semiquinoid hybrid agglomerates [12].

Opposite to N-PySi and N-AnSi, the thiophenyl-silicon compounds
(Fig. 1c,d) developed no color in solution, regardless the nature of the
solvent in excess, the extent of ex-situ irradiation (up to 15h) and of
aging (up to 7days). It is to be noticed that the Ca of the thiophene
ring are free in the case of p-ThpSi (Fig. 1d), as for N-PySi (Fig. 1a).
Also, the inductive effect of the alkyl side chain is expected to be simi-

(a)
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lar for all the investigated monomers (Fig. 1). Accordingly, no intramol-
ecular polarization favoring the formation of conjugated oligomeric
species is indicated for the case of thiophene derivatives, being ascribed
to the different reactivity of the monomer head group: aniline > pyr-
role > thiophene [20]. As noticed before, the lone pair of electrons on N
of Py ring are part of the aromatic sextet. This is also the case of thio-
phene but the second lone pair of electrons of S may bond to a proton
or other electrophile without disrupting the aromatic system. However,
the higher resonance energy of thiophene makes this monomer less re-
active.

3.2. Electrogrowth and solid state processes of N-PySi and N-AnSi hybrid
films

Thin films of N-PySi and N-AnSi were electrodeposited by recur-
rent potential cycling (up to 3 cycles) from as-prepared, ex-situ irradi-
ated and/or aged analyte(solvent) solutions, using 0.1 M TBAP/MeCN
as background electrolyte. For the case of N-PySi, the electrochemi-
cal behavior resembled very much that of neat N-PySi in 0.1 M TBAP/
MeCN on a Pt electrode [14]. The current increased importantly at
E > +0.8V while broad anodic and cathodic redox waves between
+0.2 and +0.9V emerged with subsequent cycling, as illustrated in
Fig. 5 for selected conditions. An anodic shoulder at about +0.4V was
always detected and became more pronounced with aging rather than
with ex-situ photo-oxidation of N-PySi(MeOH) (Fig. 5a). This highlights
further the importance of OH-n interactions and the charge pinning ac-
tion of SiOH that call for participation of electrolyte cations TBAP*
for charge compensation, thus obtaining mixed n-p type redox behav-
ior [13,14]. These observations are strengthened by the voltammograms
of the films deposited using N-PySi(MeOAc) (Fig. 5b). The redox bands
are more intense and change little with t; 4 for a given initial ag-
ing condition. In addition, their shape resembles closely that obtained
for polypyrrole films grown from solutions of Py in 0.1 M TBAP/MeCN,
though the peaks are detected at higher potentials due to N-substitu-
tion [14]. Although the intensity of these peaks decreases with aging as
the analyte bulkiness increases with hydrolysis, this factor determines
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Fig. 5. Cyclic voltammograms (v = 100mV/s, 0.1 M TBAP/ACN) recorded during electropolymerization of (a) N-PySi(MeOH), (b) N-PySi(MeOAc). Potential swept from 0.0V to +1.2V
vs Ag/AgCl/KCl, and then cycled 3 times between these potentials limits. The initial test conditions are indicated in the labels.
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the extent of intramolecular polarization, the instauration of OH-n in-
teractions and thus the contribution of different oligomeric domains,
namely non-hydrolyzed and hydrolyzed o — o’ linked Py oligomers, to
the composition of the hybrid film. These observations are supported
by the redox behavior of the films in monomer-free electrolyte solu-
tion (Fig. 6). The shoulder ascribed to TBA* uptake was always de-
tected for N-PySi(MeOH) (Fig. 6a), while became distinguished with ag-
ing only in the case of N-PySi(MeOAc) (Fig. 6b). It is to be noticed
that, with consecutive cycling, the current changes more significantly
while two anodic and cathodic isopotential points at about + 0.4 and
+0.9V become well defined, as obtained for the hybrid films electrode-
posited using neat N-PySi monomer in 0.1 M TBAP/MeCN [14]. Non-hy-
drolyzed monomer or small oligomers within the hybrid network un-
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dergone irreversible processes associated to the acid-catalyzed hydroly-
sis of reactive methoxy groups by confined free protons of c-oligomers
intermediates.

The voltamograms recorded during electropolymerization of
N-AnSi(MeOH) and N-AnSi(MeOAc) were closely similar, regardless
taging and ti,q. Representative voltammograms are reported in Fig. 7
for the case of AnSi(MeOH). An anodic peak at about +0.8V was de-
tected during the first anodic scan, while several reversible redox sig-
nals emerged at less positive potentials with subsequent potential cy-
cling (Fig. 7, inset). The redox features reproduce rather well those ob-
tained for neat N-AnSi monomer in 0.1 TBAP/MeCN (not shown) as well
as those reported for unsubstituted polyaniline [21-23]. It is to be no-
ticed that, differently from N-PySi (Fig. 5), the intensity of the oxidation
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Fig. 6. Cyclic voltammograms (v = 100mV/s) in analyte-free 0.1 M TBAP/MeCN of the electrodeposited hybrid films using (a) N-PySi(MeOH), (b) N-PySi(MeOAc). The starting conditions
for the film growth (Fig. 5a,b) are indicated in the labels. Potential cycled between +1.2 and —1.2V (15 times).
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Fig. 7. Cyclic voltammograms (v = 100mV/s, 0.1 M TBAP/ACN) recorded during electropolymerization of N-AnSi(MeOH). Potential swept from 0.0V to +1.2V vs Ag/AgCl/KCl,, and
then cycled 3 times between these potentials limits. The initial test conditions are indicated in the labels.
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peak was the only to decrease with the bulkiness of the analyte due
to aging (Fig. 7), thus manifesting diffusion limitations due to the fast
hydrolysis and self-condensation of SiOH. Steric effects that hinder the
generation of rechargeable redox sites are less significant, according to
the two redox couples at about +0.5 and +0.3V related to the expul-
sion/uptake of H* and uptake/expulsion of ClO,~, respectively (Fig.
7, inset). The always well-defined reversible cation exchange conforms
to the hindered acid-base reactions (emeraldine base EMB — emeral-
dine salt EMS transition) due to N-substitution [24,25]. However, the
remaining more positive redox waves manifest reversible protonation/
deprotonation with participation of semiquinoid aniline structures. The
voltammograms of the hybrid films in monomer-free electrolyte solu-
tions (Fig. 8) were very much dependent on both t,gng, tiraq and the
nature of the solvent in excess. More significantly, the shoulder preced-
ing the anodic redox peak was better defined and stable with cycling
for those conditions under which self-condensation of SiOH is less fa-
vored (Fig. 8, middle plots). Possible charge screening by SiOH due to
entrapped within the hybrid network O---H—N complexes is supported
by the decrease of the less positive reduction wave, manifesting irre-
versible expulsion of ClO,~ into the electrolyte solution. Such screening
became less effective with aging, according to the rapid decrease with
consecutive potential cycling of the anodic shoulder, in particular for
the case of aged AnSi(MeOH) (Fig. 8a, right). The macromolecular ag-
gregation N-AnSi occurs through strong intermolecular hydrogen bond-
ing rather than through cooperative though weaker dispersive van der
Waals (vdW) interactions between silanol and the = system as in the case
of N-PySi (Fig. 6) [13].

3.3. Electrochemical behavior of thiophenyl-silicon derivatives

The electropolymerization of unsubstituted thiophene (Tph) and of
neat hybrid monomers a-ThpSi and p-ThpSi (Fig. 1c,d), as well as the
redox behavior of the resulting films, were investigated as a start for
reference purposes. Because thiophene has a higher oxidation potential
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(+1.7V) in comparison to pyrrole and aniline, and possible n-doping
could be detected at very negative potentials (<—1.25V) [26], the an-
odic and cathodic potential limits used were higher (+1.8 and —2.0V,
respectively). Experiments using GC as working electrode showed worse
defined redox waves, in particular for the case of a-ThpSi and $-ThpSi
analytes. The results presented below correspond to experiments carried
out with Pt disk (geometrical surface area of 0.7 cm?, @ = 3mm, AMEL)
as working electrode.

During the electropolymerization of Tph in 0.1 M TBAP/MeCN, the
current increased importantly as the potential reached values near
+1.5V. Weak and broad cathodic and anodic redox peaks were de-
tected at +0.5 and +1.3V with subsequent potential cycling. The
higher separation between the redox waves in comparison to that ob-
tained for Py [14], as for N-PySi (Fig. 5), indicates irreversible dis-
charging/charging of polythiophene due to more energetically stable in-
terchain o-dimeric intermediates [26]. During cycling of the electrode-
posited film in monomer-free electrolyte (Fig. 9, curves 1), several re-
dox features were detected, being the more negative cathodic peak as-
cribed to O, reduction as discriminated from the voltammogram of the
background electrolyte and confirmed from experiments performed us-
ing Ar-saturated test solutions at different scan rates (Fig. 9, curves 2
and 3). Thus, the redox behavior of all the electrodeposited films was
evaluated under Ar atmosphere by placing the gas inlet tube just above
the liquid phase. The redox behavior of polythiophene points to at least
two redox processes associated to different redox states and/or differ-
ent mechanisms of charge transport. At E > 0.0V, oxidation and re-
duction (p-doping) of regularly arranged oligothiophene chains is ac-
companied by the uptake and expulsion of electrolyte anions (ClO,~)
for charge compensation. The better defined and more intense redox
couple at E < 0.0V manifests the prevalence of doping processes of op-
posite sign, namely n-doping involving reduction/oxidation of stable
o-coupled oligomeric chains [26,27]. Ion trapping due to incomplete
removal of the true trapped positive charge rather than irreversible
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Fig. 8. Cyclic voltammograms (v = 100mV/s) in solute-free 0.1 M TBAP/MeCN of the electrodeposited films (Fig. 7a,b). The stating conditions (t,
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Fig. 9. Cyclic voltammograms of polythiophene films in naturally aerated and Ar-satu-
rated monomer-free 0.1 M TBAP/MeCN.

chemical transformations is suggested by the widening of the conjugate
n-doping bands as the scan rate is raised.

The oxidation peak of neat o-ThpSi and $-ThpSi in 0.1M TBAP/
MeCN was detected at less positive potentials (~+1.4V) in accordance
with the facilitated Tph ring oxidation by the electron-donating alkyl
side chain (inductive through-bond effect) [14,26]. However, the oxi-
dation current decreased markedly after the first anodic scan for the
case of a-ThpSi (Fig. 10a), also when a GC working electrode was used.
The redox behavior of the resulting a-ThpSi was dominated by well-de-
fined redox waves at E < 0.0V (Fig. 10b), resembling those correspond-
ing to n-doping of polythiophene (Fig. 9, curves 2,3). Conversely, the
oxidation peak decreased progressively during electropolymerization of
B-ThpSi by recurrent potential cycling while ill-defined p- and n-doping
bands were recorded in monomer-free 0.1 M TBAP/MeCN. Differently
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from N-PySi (Fig. 6) [14], no solid state processes manifesting irre-
versible hydrolysis of methoxy groups by acidic c-intermediates resulted
evident in any case. By scrutiny with the redox behavior of polythio-
phene (Fig. 9, curves 2,3), highly disordered and polydispersive $-ThpSi
film is formed due to favored o — o’ linking but disfavored interchain
o-coupling by the shielding effect of the side chain. The dominating
inductive effect over possible OH-n interactions was confirmed by the
closely similar electrochemical behavior of B-ThpSi analyte in different
solvent mixtures (200pL in 0.1 TBAP/MeCN). For the case of a-ThpSi,
stable c-coupled dimers and hindered crosslinking reactions through
o — B couplings by steric shielding of accessible redox states are likely
to determine the n-type charge transport. In fact, no film but recurrent
formation of pink colored species diffusing away from the electrode sur-
face was observed during electropolymerization of a-ThpSi analyte in
different solvent mixtures. The same was observed when GC as working
electrode was used. The amount of colored species resulted more sig-
nificant for a-ThpSi(MeOH), in correspondence with the more intense
and the negligible variation of the irreversible anodic peak (~+1.4V)
during consecutive cycling (Fig. 10c). More intense absorption bands at
about 540nm and 510nm were detected in the Vis spectrum of the syn-
thesis solution at the end of the electrochemical experiment. The preva-
lent formation of soluble pink species was confirmed from experiments
using aged a-ThpSi (t,ging >3 days). The less intense and decreasing with
consecutive cycling oxidation peak (Fig. 10d) manifests diffusion-lim-
ited charge transfer due to the promoted with hydrolysis/condensation
analyte bulkiness. The results indicate that electrochemical oxidation of
hydrolyzed o-ThpSi leads to « — o’ linked dimer carbocations stabilized
by OH-r interactions, in support to intramolecular polarization effects.
Spectroelectrochemical experiments were carried out to investigate
the structure and stability of the soluble pink species, using as-prepared
and aged up to 14days o-ThpSi(MeOH). The results are summarized
in Fig. 11. Preliminary potentiodynamic polarization experiments with
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Fig. 10. (a) Cyclic voltammograms (100mv/s) recorded during electropolymerization of a-ThpSi in 0.1 TBAP/MeCN; (b) Cyclic voltammograms at different scan rates of the electrode-
posited film (a) in monomer-free 0.1 TBAP/MeCN; (c,d) Cyclic voltammograms recorded during electropolymerization of as-prepared and 10-days aged o-ThpSi(MeOH).
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Fig. 11. (a) Potentiodynamic polarization curve (2mV/s) during electropolymerization of «-ThpSi(MeOH) in the spectroelectrochemical cell containing 0.1 M TBAP/MeCN as supporting

electrolyte. The images in the inset show the accumulation of pink-colored species in the vicinity of the Pt electrode with increasing anodic potential; (b) UV-vis spectra consecutively

recorded during potentiodynamic polarization; (c) Variation of the ratio of the absorbance of the peaks at 508 and 538 nm as a function of time during potentiostatic polarization at +1.3
and +1.8V; (d) Variation of the ratio of the absorbance of the peaks at 508 and 538 nm as a function of applied anodic potential of as-prepared and aged «-ThpSi(MeOH).

the spectroelectrochemical cell placed outside the spectrophotometer
and containing the as-prepared a-ThpSi(MeOH) in 0.1 TBAP/MeCN con-
firmed the formation of pink colored products near the Pt mesh elec-
trode in correspondence with the detection of a shoulder at +1.3V in
the [-E curve (Fig. 11a). Accumulation of these products rather than
formation of larger oligomers was ascertained by the intensification of
the pink coloration as the potential was made more positive. The dis-
coloration of the synthesis solution was observed after about 10 min of
experiment termination. The electrochemical response (Fig. 11a) was
reproduced during the concomitant recording of the UV/Vis/NIR spec-
tra. No peaks at A >650nm but three bands at smaller wavelengths
that increased in intensity with anodic polarization up to +1.8V were
confirmed after subtraction of the similarly recorded spectra of the
analyte-free background electrolyte. As shown in Fig. 11b, the weak
peak at 330nm increases markedly in intensity while new bands at
508 and 535nm appear as the anodic potential reaches values close
to +1.3V. These three bands present comparable absorbance values
at E > +1.5V. Shoulders at 450 and 470nm are better defined for
higher polarization potentials (between 1.8 and 2.0V). Based on spec-
troscopic studies of thiophene and oligomers [26-32], fast coupling
of monomeric radical cations of a-ThpSi (330nm) produces o — o’ Th-
pSi dimers that upon oxidation form dimeric (aromatic/quinoid) car-
bocations stabilized by intramolecular OH-x interactions (500-540 nm).
At higher potentials possible crosslinking involving the free p-positions
could occur, but higher oligomers are disfavored and no deposition
processes occur (absence of bands at A > 650nm). The formation and
the higher stability of aromatic/quinoid dimer species at less positive
potentials was confirmed from absorbance measurements at 508 and
538nm during potentiostatic polarization at +1.3 and +1.8V (Fig.
11c). The results above (Fig. 11a,b) were reproduced for the case of
aged a-ThpSi(MeOH). However, the intensity of the peaks at 508 and
538nm increased more importantly up to 1.55V while decreased more

markedly as the applied potentials was made more positive. In addition,
the 450-nm peak increased more importantly while that at 470nm was
hardly resolved with anodic polarization. Fig. 11d graphically summa-
rizes the variation of the former two peaks, expressed as the ratio be-
tween the absorbance of the 538- and 508-nm peaks for a given aging
condition and plotted as a function of the applied potential. The avail-
ability of donor — acceptor hydrolyzed monomer units that are expected
to have smaller band gap, in similarity to N-PySi [13], increases with
hydrolysis and thus the formation of dimeric structures is more favored.
However, the stability of the latter species is compromised by hydro-
gen bonding/condensation between SiOH groups. Thus, short-range in-
tramolecular mechanism is likely to account for the effectiveness of the
OH-r interactions in the case of the a-substituted thiophenyl-silicon de-
rivative. It is worth mentioning that soluble but colorless oligomers of
a-substituted thiophene with trimethylsilyl groups (—Si— (CHj)3) have
been reported [29].

The significance of OH-n intramolecular interactions is strength-
ened by the fact that, differently from B-ThpSi which stock solutions
developed whitish and/or brownish precipitates with prolonged ag-
ing, colored gels were obtained for the case of a-ThpSi, also in dif-
ferent solvent systems like pure MeCN and this containing 1 vol.% of
H,0. Purple gels were formed in all cases but MeOAc (yellow gel), be-
ing the color more intense in the case of a-ThpSi(MeCN) and «-Th-
pSi(MeOH). From the comparison of the attenuated total reflection in-
frared (ATR-IR) spectra of the purple a-ThpSi(MeOH) and yellow o-Th-
pSi(MeOAc) gels (Fig. 12), the former shows a more intense broad band
between 3600 and 3200cm ™. Although the associated OH stretching
vibration (vgy) could result from the MeOH entrapped in the gel phase,
the more intense shoulder at about 3260cm~! and the less intense
peak at about 1010cm~! of SiOH deformation (8goy) correlate with
the features of intermolecular hydrogen-bonded network [33]. In ad-
dition, hindered motions of alkyl side chain due to internal, three-di-
mensionally more
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Fig. 12. ATR-IR spectra of the purple and pale yellow gels formed with aging (two
months) of a-ThpSi(MeOH) and a-ThpSi (MeOAc) solutions. Spectra recorded with a Nico-
let 380 FT-IR instrument in the frequency range 3800-700cm ™" (98% sensitivity) using
Zn-Se crystal.

rigid gel phase is indicated by the absence of peaks between 930 and
850cm ™! (rocking and twisting deformation modes). Also, much more
intense and broad is the peak at 1640cm~! corresponding to the C=
C stretching (vc=—¢) of the aromatic Thp ring. For the case of the yel-
low a-ThpSi(MeOAc) gel, entrapped solvent is indicated by the intense
and sharp peaks at 1720 and 1240cm™~! associated to C—=0 (vo=¢)
and C—O (y;—) stretching vibrations. The intense Si-O—C peaks be-
tween 1150 and 1000cm~! manifest the presence of non-hydrolyzed
structures, providing confirmation of less favored hydrolysis in the pres-
ence of MeOAc in excess. Formation of saturated carbonyl compounds,
probably acetylthiophene (pale yellow-colored), is suggested by the in-
tense shoulder at 1700cm ™.

Additional experiments were carried out to investigate the redox be-
havior of the above mentioned purple gels. The Pt electrode was im-
mersed in 2mL of CHCl; into which a given amount of gel was dis-
solved and left overnight for solvent evaporation. A pink patina cover-
ing the electrode surface was observed at naked eyes. Cyclic voltam-
mograms were recorded in monomer-free 0.1 TBAP/MeCN using —1V
as cathodic limit in order to avoid the detachment of the gel film.
The characteristic n-doping charging/discharging behavior involving
a peak-shaped reduction wave and a current plateau during cathodic
reduction [26] is obtained for the case of a-ThpSi(MeOH) gel only
(Fig. 13a). This definitely confirms that OH-n interactions through a
short-range intramolecular mechanism promote stabilization and charge
trapping of hydrolyzed c-dimers of a-ThpSi. Furthermore, the develop-
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ment of colored gels in the case of a-ThpSi(MeCN) and a-ThpSi(MeCN,
1 vol% H,0), supports the instauration of OH-n interactions due to
irreversible chemical reactions between reactive methoxy groups and
acidic o-dimeric intermediates, as indicated from the electrochemical
experiments with N-PySi (Fig. 6) [14]. Note that hydrolysis reactions
should be more favored in MeCN, which is aprotic but more polar than
MeOAc. Nonetheless, the broad reduction wave detected at about 0.0V
(Fig. 13b) points to facilitated proton elimination and rearomatization
of o-dimers [26], and thus less stable OH-rt aggregates. In addition,
the absence of redox features at E < 0.0V and the important decrease
with consecutive cycling of the several oxidation bands at E > 0.0V
manifest less effective charge trapping due to restricted hydrogen-bond-
ing oligomerization and unstable p-doping due to restricted r-conju-
gation. Recall of corrosion experiments with chemically-modified steel
surfaces using o-substituted thiophenylthio derivative (Fig. 2c,d), the
expected n-type redox behavior, being supported further by the higher
resonance stability due to the thio group at Ca, would justify the signif-
icant inhibition of the undermining substrate degradation.

4. Conclusions

Monomers of conducting polymers such as aniline, pyrrole and thio-
phene substituted with methoxysilyl propyl end groups were inves-
tigated as a function of the extent of hydrolysis and of the ex-situ
photo-oxidation by spectroscopic and electrochemical techniques. The
interactions between the silanol end groups and the aromatic © sys-
tem rather than the oligomerization promoted with either photo-oxi-
dation or electrochemical oxidation of the monomer head group deter-
mine the extent of charge trapping and thus the n-type redox behav-
ior of the electrogenerated hybrid networks. The cooperative contribu-
tion of long-range OH-x interactions accounting for the mixed n-p dop-
ing redox behavior of hybrid N-PySi agglomerates is confirmed. Less
powerful are the donor-acceptor interactions for the case of N-AnSi
due to the more basic character of this monomer promoting deproto-
nation and self-condensation of SiOH, thus prevailing a p-type charge
transport mechanism as for contiguous polyaniline. The n-doping be-
havior upon jellification of the hydrolyzed a-ThpSi derivative confirms
that short-range intramolecular OH-n interactions operate for the sta-
bilization of soluble o-dimeric hydrolyzed structures. The differences
above are impelled by the stability of the electrogenerated carboca-
tions of hydrolyzed monomers. The n-type redox properties indicated
for N-PySi and o-ThpSi hydrolyzed precursors support the higher bar-
rier action against corrosion provided by the resulting thin hybrid
films, limiting both O, reduction and Cl~ attack at the metal/film
interface. Present findings provide further evidence on the modula-
tion of the physico-chemical properties of macromolecular architectures
through chemical functionalization of silicon-based building blocks. The
new insights for
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Fig. 13. Cyclic voltammograms (v = 100mV/s, 0.1 M TBAP/MeCN) of the gel films obtained from aged «-TphSi in (a) MeOH:H,O (90:10); (b) MeCN containing 1vol% H,0.
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the design of advanced coatings are not limited to solid state films for
protection of reactive metals but may be extended to electroresponsive
hydrogels that are of much concern to hydrogel science for applications
in nanotechnology and biomedicine, where materials degradation is an
important issue also.
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